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Ths following treatise has been compiled and arranged especially 
for the use of the cadets of the United States Militaiy Academy, 
and with regard to the limited time allowed them for instruction 
in this branch of their studies. 

An attempt has been made in the following pages to give in a 
concise form the general principles of Civil Engineering and their 
applications, as presented in the writings and practice of civil 
engineers of standing in the profession. 

To the beginner, all will be new; but to the well-informed 
engineer, the sources from which the contents of this treatise have 
been derived will be readily recognized. 

The general arrangement adopted in the work varies slightly 
from the one used by my predecessor, the late Prof. Mahan, but his 
impress is seen throughout, even in many cases in the use of his 
exact words. 

The chapter on Limes and Cements is based almost entirely on 
the printed works of General Gillmore, of the U. S. Engineers, 
and on a manuscript article which he kindly furnished me for the 
purpose. 

To lieut. W. H. Bixby, Corps of Engineers, U. S. A., I am 
indebted for many valuable suggestions and much assistance in 
preparing this work. 

J. S. vv • 

Ukitbd Statm Militant Aoaobmt, Wsr Poott, N. Y., Ifaj 80^ 1878. 
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I. Engineering is defined to be ^ the soienoe and art of 
Utilizing the forces and materials of nature." 

It is divided into two principal branches, Civil and Military 
Engineering. 

The latter embraces the planning and construction of all de- 
fensive and offensive works used in military operations. 

The former comprises the designing and building of all works 
intended for the comfort of man, or to improve the country either 
by beautifying it or increasing its prosperity. 

In this branch the constructions are divided into two classes, 
according as the parts of which they ai*e made are to be relatively 
at rest or in motion. In the former case they are known as 
struotures, and in the latter as maohines. 

II. It is usual to limit the term civil engineering to the 
planning and construction of works of the first class, and to use 
the term mechanical or dynamical engineering when the 
works considered are machines. 

It is also usual to subdivide civil engineering into classes, 
according to the prominence given to some one or more of its parts 
when applied in practice, as topographical engineering^ hydraulic 
engineering, railway etigineering, etc. By these divisions, greater 
progress toward perfection is assured. Notwithstanding this sepa- 
ration into branches and subdivisions, there are certain principles 
which ai*e general. 

III. The object of the following pages is to give in regular order 
those elementary principles, common to all branches of engineer- 
ing, which it is essential for the student to learn, that he may 
understand the nature of the engineer's profession, and know how 
to apply the principles that he has already acquired. 
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XV 111 INTRODUCTORY CHAPTER. 

lY. A structure is a combination of portions of solid materials 
so an*anged as to withstand the action of any external forces to 
which it may be exposed, and still to preserve its form. These 
portions are called pieces, and the surfaces where tliej touch and 
are connected are called joints. The term solid here used is 
applied to a body that offers an appreciable resistance to the action 
of the different forces to which it may be subjected, 

Y. That part of the solid material of the earth upon which the 
stnicture rests is called the foundation, or bed of the founda- 
tion, of the structure. 

YI. In planning and building a structure, the engineer should 
be governed by the following conditions : 

The structure should possess the necessary strength ; should 
last the required time ; and its cost must be reasonable. 
Tn other words, the engineer in projecting and executing a work 
•sliould duly consider the elements of strength, durability, and 
economy. 

YII. The permanence of a structure requires that it should 
possess stability, strength, and stiffiiess. It will i>ossess these 
when the following conditions are fulfilled : 

When all the external forces, acting on the whole structure, are 
in equilibrium ; 

When those, acting on each piece, are in equilibrium ; 

When the forces, acting on each of the parts into which a piece 
may be conceived to be divided, are in equilibrium ; and 

When the alteration in form of any piece, caused by the exter- 
nal forces, does not pass certain prescribed limits. 

A knowledge, therefore, of the forces acting on the structure, 
and of the properties of the materials to be used in its construo- 
tion, is essential. 

YIII. The designing and building of a structure form three dis- 
tinct operations, as follows : 

1. The conception of the project or plan ; 

2. Putting this on paper, so it can be understood ; and 

3. Its execution. 
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The first requii*e8 a perfect acquaintance with the locality where 
the structure is to be placed, the ends or objects to be attained by 
It, and the kind and quantity of materials that can be supplied at 
^•^^t point for its construction. 

The second requires that the projector should know something 
^^ drawing, as it is only by drawings and models accompanied by 
^^scriptive memoirs, with estimates of cost, that the arrangement 
^'id disposition of the various parts, and the expense of a proposed 
^ork, can be understood by others. 

The drawings are respectively called the plan, elevation, and 
^^TOSS-seotion, according to the parts they I'epresent. A sym- 
i^etrical structure requires but few drawings ; one not symmetri- 
cal, or having different fronts, will require a greater number. 

These, to be understood, must be accompanied by written speci- 
fications explaining fully all the ])arts. 

The estimate of cost is based upon the cost of the materials, the 
inioe of labor, and the time required to finish the work. 

The third may be divided into three parts : 

1. The field-work, or laying out the work ; 

2. The putting together the materials into parts ; and 

3. The combining of these parts in the structure. 

This requires a knowledge of surveying, levelling, and other 
operations incident to laying out the work ; 

A knowledge of the physical properties of the materials used ; 

The art of forming them into the shapes required ; and 

How they should be joined together to best satisfy the condi- 
tions that are to be imposed upon the structure. 
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CIVIL ENGINEEBING. 



PART I. 



BUILDING MATERIALS. 

1. The materials in general nse for civil constructions may 
be arranc^ed in three classes : 

let. Tiiose which constitute the more solid components of 
structures ; as Wood, Stone, and the Metals. 

2d. Those which unite the solid parts together ; as Glue, 
Cements, Mortars, Majstics, etc. 

3d. The various mixtures and chemical preparations em- 
ployed to coat the solid parts and protect them from the 
action of the weather and other causes of destructibility ; as 
Paints, Solutions of Salts, Bituminous Substances, etc. 



CHAPTER L 

WOOD. 



9: The abundance and cheapness of this material in the 
United States, the ease with which it could be procured and 
worked, and its strength, lightness, and durability, under 
favorable circumstances, have caused its very general use in 
every class of coniitnictions. 

Timber, from the Saxon word thnbrian^ to build, is the 
term applied to wood of a suitable size, and fit for building 
purposes. While in the tree it is called standing timber; 
after the tree is felled, the ix)i"tions fit for building are cut 
into proper lengths and called logs or rough timber ; when 
the latter have been squared or cut into shape, cither to be 
1 
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used in this fonii or cut into smaller pieces, the general term 
timber is applied to them ; if from the trunk of the tree, 
they are known as square or round, hewn or savred, accord- 
ing to the form of cross-section and mode of cutting it; if 
from the bi-anches or roots, and of crooked shape, they are 
called compass timber. The latter is used in ship-building. 

The logs, being sawed into smaller pieces, form lumber, 
and the latter is divided into classes known as joists, scant- 
lings, strips, boards, planks, etc., and, when sawed to suit a 
given bill ; as dimension stufF. 

3. The trees used for timber are exogenous — that is, they 
grow or increase in size by formation of new wood in layers 
on its outer surface. 

If the trunk of a tree is cut across the fibres, the cut will 
show^ a series of consecutive rings or layei's. 

These layers are of aimual growth in the temperate zones, 
and, by counting them, the approximate age of the tree may 
be determined. 

The trunk of a full-growTi tree presents three distinct, 
parts: the bark, which forms the exterior coating; the sap- 
wood, which is next to the bark ; the heart, or inner part*, 
whicli is easily distinguishable from the sap-wood by its 
greater density, hardness and strength, and oftentimes by its 
darker color. 

The heart embraces essentially all that part of the trunk 
which is of use as a building material. The sap-wood 
possesses but little strength, and is subject to rapid decay, 
owing to the great quantity of fermentable matter contained 
in it. The bark is not only without strength, but, if suffered 
to remain on the tree after it is felled, it hastens the decay of 
the sap-wood and heart. 



VARIETIES OF TIMBER-TREES IN THE UIOTED STATES. 

4. The forests of our own country produce a great variety 
of the best timber for every purpose. For use in construc- 
tion, timber is divided into two general classes, soft "wood 
and hard ivood. 

The first includes all coniferous trees, like the pines, and 
also some few varieties of the leaf- wood trees; and the 
other includes most of^the timber trees that are non-conifer- 
ous, like the oaks, etc. 

The soft wood treos generally contain tnrpentine, and are 
distinguished by straightness oi fibre and by the regularity 
of form of the tree. The timber made from them is more 
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eajily Rawed or split along the grain, and much more easily 
bi-oken across the grain, than that of the second class. 

The hard-wood, or non-coniferous timber, contains no tur- 
pentine, and, as a class, is tough and strong. 



Examples of Soft-wood Trees. 

5. Yello'w Pine (Pinus variabilis). — The heart-wood of 

this tree is fine-grained, moderately resinous, strong and 

durable ; but the sap-wcx)d is very inferior, decaying rapidly 

on exposure to the weather. The timber is in very general 

use for frame-work, etc. 

This tree is found throughout our country, but in the 
greatest abundance in the Middle States. In the Southern 
States it is known as Spruce Pine and Short-leaved Pine. 

Long-leaved Pine, or Southern Pine {Pinna paZvstrisy 
—This tree has but little sap-wood ; the resinous matter is 
nnifonnly distributed throughout the heart-wood, which pre- 
fients a line compact grain, and which has more hardness, 
strength, and durability than any other species of the pine; 
on account of these qualities, its timber is in very great 
demand for certain constructicms. 

The tree grows as far north as Virginia, and from this 
district southward it is abundantly found. 

White Pine, or Northern Pine {Pintis fttrohis). — This 
tree takes its name from the color of its wood, which is 
white, soft, light, straight-grained, and durable. Its timber 
is inferior in" strength to that of the species just described, 
and has, moreover, the defect of swelling in damp weather. 
It is, however, in great demand as a building material, being 
extensively used throughout the Eastern and Northern 
States. The tree is foimd between the 43d and 47th par- 
allel of north latitude, the finest specimens growing in 
Maine. 

Norway Pine {Pimis rubra), — This is a species found in 
the north-west, especially in Michigan and Wisconsin, where 
it ranks very high, comparing favorably with the common 
yellow pine, although having less resiti in it. 

6. Fix.— The genus Fir {Abie8)y commonly known as 
Spruce, furnishes largo quantities of timber and lumber, 
which are extensively used throughout the Northern States. 
The lumber made irom it has tne defects of twisting and 
splitting on exposure to the weather and of decaying rapidly 
in damp situations. The oommon fir {Abies alba and Abies 
f^ra)y the spruce fir found in Northern California, and the 
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Oregon fir [Pinus (Aln^s) Dougldaii^ which grows to 
enormous size, all furnish timber much used in building. 

7. Hemlock {Abi^ Canadensis) is a well-known species-^ 
used throughout the Northern States as a substitute for pini 
when the latter is difficult or expensive to procui*e. It i 
very perishable in moist situations or when subjected to alter — 
nate wetness and dryness. It has been used in considemble 
quantities in the Government works on the Lakes in positions 
where it is entirely submerged in fresh water. Hemlock tim- 
ber is often shaky, full of knots, and splits more easily when 
framing it than pine. 

8. Cedar. — The Juniper or White Cedax, and the Cypress 
ai'e very celebrated for aflFordine: a material which is very 
light and which is of great durability when exposed to the 
weather; on this account, it is almost exclusively used for 
shingles and other exterior coverings. Tliese two trees are 
found in great abundance in the swamps of the Southern 
States. 

9. The foregoing kinds of timber, especially the pines, are 
regarded as valuable building materials, on account of their 
strength, their durability, the straightness of the fibre, the 
ease with which they are worked, and their applicability to 
almost all the purposes of constructions in wood. 



Examples of Hard-T;«rood Trees. 

10. White Oak (Querct/s alba). — The bark of this tree is 
Ught, nearly wliite ; the leaf is long, narrow, and deeply in- 
dented ; the wood is compact, tough, and pliable, and of a 
straw color with a pinkish tinge. 

It is largely used in ship-bnilding, the trunk furnishing the 
necessary timber for the heavy frame-work, and the roots and 
large branches affording an excellent quality of compass-tim- 
ber. Boards made from it are liabie to warp and crack. 
Tliis tree grows throughout the United States and Canada, but 
most abundantly in the Middle States. Proximity to salt air 
during the growth of the tree appears to improve the quality 
of the timber. The character of the soil has a decided effect 
on it. In a moist soil, the tree grows to a larger size, but 
the timber loses in firmness and durability. 

Live Oak {Querous virens). — The wood of this tree is of 
a yellowish tinge ; it is heavy, compact, and of a fine grain ; 
it is stronger and more durable than that of any other species, 
and on this account is considered invaluable for the purposes 
of ship-building, for which it has been exclusively reserved. 
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The live oak is not found further north than the neighbor- 
'^ood of Norfolk, Vii'ginia, nor further inland than from fif- 
^^^n to twenty miles irora the sea-coast. 

Post Oak (Quercits ohtusiloba). — This tree seldom attains 
^ gi-eater diameter than about fifteen inches, and on this 
^^tount is mostly used for posts, from which use it takes its 
^^une. The wood has a yellowish hue and close grain ; is said 



exceed white oak in strength and durability, and is there- 
^^re an excellent building material for the lighter kinds of 
^J^me-work. This tree is found most abundantly in the 
forests of Maryland and Virginia, and is there frequently 
''dialled Boji White Oak and Iron Oak. It also grows in the 
forests of the Southern and Western States, but is rarely seen 
further north than the southern part of New York. 

Chestnut White Oak {Quercus prinus paiustris), — The 
timber of this tree is strong and durable, but inferior to the 
preceding species. The tree is abundant from North Carolina 
to Florida. 

Water Oak (Quercus aquatica). — This tree gives a tough 
l)ut not durable timber. It grows in the Southern country 
from Virginia to as far south as Georgia and Florida. 

Red Oak {Qiiercua rubra), — This tree is found in all parts 
of the United States. The wood is reddish, of a coarse tex- 
ture, and quite porous. The timber made from it is generally 
of a poor quality. 

11. Blaok Wahiut {Juglans nigra). — The timber made 
from this tree is hard and fine-grained. It has become too 
valuable to be used in building purposes, except for orna- 
mentation. 

Hickory {Juglans tomentosa). — Tlie wood of this tree is 
tough and flexible. Its great neaviness and liability to be 
worm-eaten have prevented its general use in buildings. 

12. Thei'e are quite a number of other trees, belonging to 
both hard and sort woods, that produce an inferior timber to 
those named, and have been occasionally used for building 
purposes. They may possibly in the future be used to some 
extent. The Red Cedar, Chestnut, Ash, Elm, Poplar, Ameri- 
can Lime or Basswood, Beech, Sy(jamore, Tamarack, etc., 
have been used to a limited extent in constructions when the 
better varieties could not be obtained. 



PREPARATION OP TIMBER. 

13. FeUing. — Trees should not be felled for timber until 
they have attained their mature growth, nor after they ex- 



6 CIVIL ENGINEERING. 

hibit symptoms of decline ; otlierwise the timber will not pos- 
sess its maximum strength and durability. Most forest trees 
arrive at maturity in between tifty and one hundred years, 
and commence to decline after one hundred and fifty or two 
hundred years. When a tree commences to decline, the 
extremities of its older branches, and particularly its top, 
exhibit signs of decay. The age of a tree can, in most cases, 
be approximately ascertained either bj' its external appear- 
ances or by cutting into the centre of its trunk and counting 
the rings or layers of the sap and heart. 

Trees should not be felled while the sap is in circulation; 
for this substance is of such peculiarly fermentable nature, 
that if allowed to remain in the fallen timber, it is very pro- 
ductive of destruction of the wood. The best authorities on 
the subject agree tliat the tree should be felled la the vnin- 
ter season. 

The practice in the United States accords with the above, 
not so much on account of tlie sap not being in circulation, 
as for the reason that the winter season is the best time for 
procuring the necessary labor, and the most favorable for i^e- 
moving the logs, from where they are cut, to the points where 
tliey are to be made into rafts. 

As soon as the tree is felled, it should be stripped of its 
bark and raised from the ground. A short time only should 
elapse before the sap-wood is taken off and the timber reduced 
nearly to its required dimensions. 

14. Measnriag Timber. — Timber is measured by the 
cubic foot, or by board measure ; the unit .of the latter is a 
board one foot square and one inch thick. 



Appearances of Good Timber. 

15. Among trees of the same species, that one which has 
grown the slowest, as shown by the narrowness of its annual 
rinffs, will in general be the strongest and most durable. 

The grain should be hard and compact, and if a cut be 
made across it, the fresh surface of the cut should be firm and 
shining. 

And, in general, other conditions being the same, the 
strength and durability of timber will increase with its weight, 
and darkness of color. 

Timber of good quality should be straight-grained, and 
free from knots. It should be free f I'om all blemishes and 
defects. 



TIMBER.^ 



Defects in Timber. 

16. Defects arise from some peculiarity in the growth of 
^^ tree, or from the effects of the weather. 

Strong winds oftentimes injure the growing tree by twist- 
ij^gor bending it so as to partially separate one annual layer 
^ JX)ra another, forming what is known as rolled timber or 
^ [es. 

Severe frosts sometimes cause cracks radiating from the 

iDtre to the surface. 

These defects, as well as those arising from worms or age, 

ij be detected by examining a cross-section of the log. 



SEASONING OF TIMBER. 

17. Timber is said to be seasoned when by some process, 
either natural or artificial, the moisture in it has been ex- 
pelled so far as to prevent decay from internal causes. 

By the term, seasoning, is meant not only tlie drying which 
expels, but also the removal or change of the albuminous sub- 
stances. The latter are fermentable, and, when present un- 
changed in the timber, are ever ready to promote decay. 

The seasoning of timber is of the greatest importance, not 
only to its own durability, but to the solidity of the structure 
for which it may be used ; for, if the latter, when erected, 
contained some pieces of unseasoned or green timber, their 
after-shrinking might, in many cases, cause material injui*y, 
if not complete destruction, to the structure. 

Natural Seasoning consists in exposing the timber freely 
to the air, but in a dry place, sheltered from the sun and high 
winds. 

This method is preferable to any other, as timber seasoned 
in this way is both stronger and more durable than when pre- 
pared by any artificial pr<)ce»>s. It will require, on an aver- 
age, about two years to season timber thoroughly by this 
method. For this reason, artificial methods are used, to save 
time. 

Water Seasoning. — The simplest artificial metliod con- 
sists in immersing the timber in water as soon as cut, 
taking care to keep it entii'ely submerged for a fortnight, 
and then to remove it to a suitable place and dry it. 
The water will remove the greater portion of the sap, 
even if the timber is full when immersed. This method 
doubtless weakens the timber to some extent, and therefore 
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is not recommended where strength is of material impoi'tanc^S 
to the timber. 

Boiling and Steaming have both been used for seasonings 
but are open to the same objection as the last method ; viz.,^ 
the impairing of the elasticity and strength of the timber. 

Hot-air Process. — This consists in exposing the timber in 
a chamber, or oven, to a current of hot air, whose temperature 
varies according to the kiud and size of the timber to be s«si- 
soned. This is considered the best of the artificial metliods. 
The time required for sufficient seasoning depends upon the 
thickness of tlie timber, ordinary lumber requiring fix)m one 
to ten weeks. 



DURABILPrr AND DECAY OF TIMBER. 

18. Timber lasts best when kept, or used, in a dry and 
well-ventilated place. Its durability depends upon its pro- 
tection f ix)m decay and from the attacks of worms and insects. 

The "wet and dry rot are the most serious causes of the 
decay of timber. 

Wet Rot is a slow combustion, a decomposition of moist 
organic matter exposed to the air, without sensible elevation 
of temperature. The decay from wet rot is commmiicated 
only by contact, and requires the presence of moisture. 

To guard against tliis kind of rot, the timber must not be 
subjected to a condition of alternate wetness and dryness, or 
even to a slight degree of moisture if accompanied by heat 
and confined air. 

Dry Rot is a disease of timber arising from the decompo- 
sition of the albumen and other fermentable substances ; it is 
accompanied by the growth of a fungus, whose germs spread 
in all directions without actual contact being necessary, and 
it finally converts the wood into a fine powder. The inngus 
is not the cause of decay; it only converts corrupt matter 
into new forms of life. 

Dry rot derives its name from the effect produced and not 
from the cause, and although it is usually generated in mois- 
ture, in some cases it flourishes independent of extraneous 
humidity. Externally, it makes its first appearance as a mil- 
dew, or a white or yellowish vegetation of like appearance. 
An examination under a microscope of a section of a piece of 
wood attacked by dj*y rot, shows minute white threads spread- 
ing and ramifying throughout the substance. Dry rot attacks 
only wood which is dead, whereas wet rot may seize the tree 
while it is still alive and standing. Timber not properly sea- 
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Boned, used where there is a want of free circulation of air, de- 
^^ysby this disease even if there be only a small amount of 
inoisture present. It will also decay by dry rot, if covered 
'while unseasoned by a coat of paint, or similar substance. 

IHira'bility under oertain Conditions, and Means of In- 
creasing It. 

19. Timber may be subjected to the following conditions : 

It may be kept constantly dry, or at least practically sa 

It may be kept constantly vret in fresh Tvat6r. 

It may be constantly damp. 

It may be alternately Tvet and dry. 

It may be constantly viet in sea-^vater. 

20. Timber kept constantly dry in well-ventilated posi- 
tions, will last for centuries. The roof of Westminster Hall 
iBmore than 4:50 years old. In Stirling Castle are carvings 
in oak, well preserved, over SOOyeai-s old ; and the trusses of 
the roof of the Basilica of St. raul, Rome, were sound and 

S<Miafter 1000 years of service. The timber dome of St. 
ark, at Venice, was in good condition 850 yeai-s after it was 
bailt 

It would seem hardly worth while to attempt to increase 
the durability of timber when under these conditions, except 
where it may be necessary to guard against the attacks of in- 
sects, which are very destructive in some localities. Slaked 
lime hastens the decay of timber ; the latter should therefore, 
in buildings, be protected against contact with the mortar. 

21. Timber kept constantly "wet In fresh Tvater, under 
such conditions as will exclude the air, is also very durable. 

Oak, elm, beach, and chestnut piles and planks were found 
beneath the foundation of Savoy Place, London, in a perfect 
state of preeervation, after having been there 650 years. 

The piles of the old London Bridge were sound 800 years 
after they were driven. In the bridge built by Trajan, the * 
piles, after being driven more than 1600 years, were found to 
luive a hard exterior, similar to a petrifaction, for about four 
inches, the rest of the wood being in its ordinary condition. 

We may conclude that timber submerged in fresh water 
will need no artificial aid to increase its durability, although in 
time it may be somewhat softened and weakened. 

22. Timber in damp situations.— Timber in damp sit- 
uations is in a place very unfavorable for durability, and is 
liable, as previously stated, to decay rapidly. In such situa- 



10 CIVIL ENGINEEBIKG. 

tioiis only the most lasting material is to be employed, an— « 
every precaution should be taken to increase its durability. 

There are at our command three means for increasing th^ 
durability of timber in damp situations : 

Ist. To season it thoroughly. 

2d. To keep a constant circulation of air about it. 

3d. To cover it ivith paint, varnish, or pitch. 

Tlie first of these means is essential to the othei-s, and may 
be combined with eitlier or both of them. 

The cellulose matter of the woody fibre is very durable when 
not acted upon by fermentation, and the object of seasoning is 
to remove or change the fermentable substances, as well as to 
expel the moisture in the timber, thus pmtecting the cellulose 
portion from decay. Even if the timber be well seasoned, 
thorough ventilation is indispensable in damp situations. 

The rapid decomposition of sills, sleepei*s, and lower floors 
is not surprising where neither wall-gratings nor ventilating 
flues carry off the moisture rising from the earth or the fom 

gasoH evolved in the decay of the surface-mould. The lower 
oors will last nearly as long as the upper ones if we remove 
the earth to the bottom of the foundation, and fill in the cavity 
with dry sand, plaster rubbish, etc., or lay down a thick 
stratum of cement or concrete to exclude the water, and pro- 
vide for a complete circulation of air. While an external 
application of paint, or pitch, or oil laid on hot increases the 
durability of well-seasoned timber, such a coating upon the 
Burface of green timber produces just the opposite effect. 
The coating of paint closes the pores of the outer surface, and 
prevents the escape of the moisture from witliin, thus retain- 
ing in the wood the elements of decay. 

23. Timber alternately -wet and dry. — The surface of 
all timber exposed to alternations of wetness and dryness gmd- 
ually wastes away, becoming dark-colored or black. This is 
wet rot, or simply '' rot, " 

Density and resinousness exclude moisture to a great extent ; 
Whence timber possessing these qualities should be used in such 
* situations. Heart-wood, from its superior density, is more du- 
rable than sap-wood ; oak, than poplar or willow. Kesinous 
wood, as pine, is more durable than the non-resinous, as ash oi 
beech, in such situations. 

24. Timber constantly -wet in sea-Tvater. — The re- 
marks made about timber placed in fresh w^ater apply equal- 
ly to this case, as far as relate to decay from rot. "Timber 
immersed in salt water is however liable to the attacks of two 
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of the destructive inhabitants of our waters, the Linmoria 
terebrans and Teredo navalis ; the foimer rapidly destroys 
the heaviest logs by gradually eating in between tlie annual 
rings; and the latter, the well-known ship-worm^ converts 
timber into a perfectly honeycombed state by its numerous 
perforations. They both attack timber from tne level of the 
naud, or bottom of the water, and work to a height slightly 
above mean low water. The timber, for this distance, must be 
protected by sheathing it with copper, or by thickly studding 
the surface with bn)ad-headed iron nails, or other similar de- 
vice. Besiuous woods resist their attacks longer, most prob- 
ably on account of the resin in the wood. The resin is after 
a time washed or dissolved out, and tlie timber is speedily 
attacked. 

An examination of piles in the wharf at Fort Point, San 
Francisco harbor, where these agents are very destructive, 
showed that piles which were driven without removing the 
bark, resisted, to a certain extent, their destructive attacks. 

Timber saturated with dead oil, by the process known as 
creoeoting, has been stated to offer an effective resistance. 



PRESEBVA'nON OF TIMBEB. 

25. The necessity of putting timber in damp places, or 
^re it will be exix>sed to alternate wetness and dryness, has 
caused numerous experiments to be made with reference to 
increasing its durability under such circumstances by pre- 
renting or delaying its decay. 

There are many patented processes, having this object in 
rfew, based either on the principle of expelling the albumin- 
ous substances and replacing them by others of a durable na- 
ture, or on that of changing the albuminous substances into 
insoluble compounds by saturating the timber with salts of an 
earthy or metallic base which will combine with the albumin- 
ous matter. 

Some of the processes which have been proi)osed, or used, 
are as follows : 

Kyanizing. — Kyan's process is to saturate the timber with 
a solution of chloride of mercury, one pound of the chloride 
to four gallons of water. 

The complete injection of the liquid is obtained either by 
long immersion in the liquid in open vats, or by great pressure 
upon both solution and wood in large wronght-iron tanks. 

The expensiveness of the process, and its unhealthiness to 
those employed in it, forbid its extensive use. 
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27. The term Stone, or Rook, is applied to any aggregation 
of several mineral substances ; ns a bnilding material^ stones 
may be either natural or artificial. 

Natural Stones may be subdivided into three classes ; the 
silioious, the argillaceous, and the calcareous, according as 
silica, clay, or lime is the principal constituent. 

Artificial Stones are imitations of natural stone, made by 
cousolidating fragmentary solid material by various means; 
they may be subdivided into classes as follows: 

1st. Those in which two or more kinds of solid materials 
are mixed together and consolidated by baking or burning; 
as brick, tiles, etc. 

2d. Those in which the solid materials are mixed with 
some fluid or semi-fluid substance, which latter, hardening 
afterwards by chemical combinations, binds the former firmly 
togethtM* ; as ordinary concrete, patent stone, etc. 

3d. Those iu which the solid materials are mixed with 
some hot fluid substance w^hich hardens upon cooling; as 
asphaltic concrete, etc. 



I. NATURAL STONBS. 

GENERAL OBSERVATIONS ON THE PROPERTIES OP STONE AS ▲ 

BUILDING MATERIAL. 

28. Strength, hardness, durability, and ease of Tvorking 
have already been inentioued as essential properties to be 
considered in selecting stone for building pui'poses. 

It is not easy to judge of the qualities from external 
appearances, tn most cases stone, which has one of the 
three properties fii*st named, will have also the other two. In 
general, when the texture is uniform and compact, the grain 
flne, the color dark, and the specific gravity great, the stone 
is of g'x>d quality. If there are cracks, cavities, presence 
of iron, et(;., even though it belong to a good class of stone, it 
will be deficient in some of these essential qualities, and 
should be rejected. A coarse stone is ordinarily brittle, and 
is difiicult to work ; it is also more liable to disintegrate than 
that of a finer grain. 

29. Strength. — Among stones of the same kind, the strong- 
est is almost always that which has the greatest heaviness. 

As stone is ordinarily to be subjected only to a crushing force, 
it will only be in particular cases that the resistance to this 
strain need be considered^ the strength of stone in this respect 
being greater than is generally required of it. If its diira- 
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bility 18 satisfactorily proved, its strength, as a rule, may be 
aBsnnied to be sufficient. 

30. Hardness. — ^This property is easily ascertained by 
actual experiment and by a comparison made with other 
stones which have been tested. It is an essential quality in 
stone exposed to wear by attrition. Stone selected for paving, 
flagging and for stairs, should be Iiard and of a grain too 
coarse to admit of becoming very smooth under the action to 
which it is submitted. 

By the absorption of water, stones become softer and more 
friable. 

31. Durability. — By this term is meant the power to resist 
the wear and tear of atmospheric agencies, the capacity to 
sustain high temperature, and the ability to resist the destruc- 
tive action of fresh and salt water. 

The appearances which indicate probable durability are 
often deceptive. 

As a general rule, among stones of the same kind, those 
which are fine-grained, absorb least water, and are of greatest 
specific gravity, are also most durable under ordinary expo- 
sures. The weight of a stone, however, may arise "from a 
large proportion of metallic oxide — a circumstance often un- 
favorable to durability. 

The various chemical combinations of iron, potash, and 
alumina, when found in considemble quantities in the sili- 
cious rocks, greatly affect their durability. The decompo- 
sition of the leldspar by which a considerable portion of the 
silica is removed when the potash dissolves, leaves an excess 
of aluminous matter behind. The clay often absorbs water, 
iHJCuines soft, and causes the stone to crumble to pieces. 

32. Frost- or rather the alternate action of freezing and 
thawing, is tne most destructive agent of nature with which 
the engineer has to contend. Its effects vary with the tex- 
ture or stones; those of a fissile nature usually split, while 
the more porous kinds disintegrate, or exfoliate at the surface. 
When stone from a new quarry is to be tried, the best indi- 
cation of its resistance to frost may be obtained from an ex- 
amination of any rocks of the same kind, within its vicinity, 
which are known to have been exposed for a lon^ period. 
Submitting the stone fresh from the quarry to the direct 
action of freezing would seem to be the best test of it, if it 
were not that some stones, which are much affected bv frost 
when first quarried, splitting under its action, become imper- 
vious to it after they have lost the moisture of the quarry, as 
they do not reabsorb near as large an amount as they bring 
from the quarry. 
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A test for ascertaining the probable effects of frost on 
stone was invented by M. Brard, a French chemist, and may 
be used for determining the probable comparative durabili- 
ties of specimens. It imitates the disintegrating action of 
frost by means of the crystallization of sodium sulphate. The 
process may be stated briefly as follows : Let a cubical block, 
about two inches on the ecfge, be carefully sawed from tlie 
stone to be tested. A cold saturated solution of the sodimn 
sulphate is prepared, placed over a fire, and brought to the 
boiling-point. The stone, having been weighed, is suspended 
from a string, and immersed in the boiling liquid for thirty 
minutes. It is then carefully withdrawn, the liquid is de- 
canted free from sediment into a flat vessel, and tne stone is 
suspended over it in a cool cellar. An efflorescence of the 
salt soon makes its appearance on the stone, when it must be 
again dipped in the liquid. This should be frequently done 
during the day, and the process be continued for about a 
week. The earthy sediment found at the end of this period 
in the vessel is carefully weighed, and its quantity will give 
an indication of the like eftect of frost. This process is 
given in detail in Vol. XXXVIIL Anrudes de Ch4rriie et de 
Physique, 

This test, having corresix)nded closely with their experi- 
ence, has received the approval of many French architects 
and engineers. Experiments, however, made by English engi- 
neers on some of the more porous stones, by exposing them 
to the alternate action of freezing and thawing, gave results 
very different from those obtained by Brard's method. 

33. The Wear of Stone from ordinary exposure is very 
variable, depending not only upon the texture and constituent 
elements of the stone, but also upon the locality, and the posi- 
tion, it may occupy in a structure, with respect to the pre- 
vailing driving rains. This influence of locality on the 
durability of stone is very marked. Stone is observed to wear 
more rapidly in cities than in the country, and exhibits signs 
of decay soonest in those parts of a building exposed to the 
prevailing winds and rains. 

The disintegration of the stratified stones placed in a wall 
is materially affected by the position of the strata or laminae 
with respect to the exposed surface, proceeding faster when 
the faces of the strata are exposed, as is tlie case when the 
stones are not placed with their laminse lying horizontally. 

Stones are often exposed to the action or high temperatures, 
as in the case of great conflagrations. They are also used to 
protect portions of a building from great heat, and sometimes 
to line nirnaces. Those that resist a high degree of heat are 
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termed fire-stones. A good fire-stone should be infusible, 
and not liable to crack or exfoliate from heat. Stones that 
contain lime or magnesia are usually unsuitable. Also, sili- 
cates containing an oxide of iron. 

Their durability under such circumstances should be con- 
sidered when selecting them for building. 

The only sure test, however, of the durability of any kind 
of stone is its wear, as shown by experience. 

34. expansion of Stone firom Heat. — Experiments have 
been made in this country and Great Britain to ascertain the 
expansion of stone for every degree of Fahrenheit, and the 
results have been tabulated. Within the ordinary ranges of 
tempemture the stone is too slightly affected by expansion or 
contraction to cause any perceptible change. Professor 
Bartlett's experiments, however, showed that in a long line of 
coping the expansion was sufficiently great to crush mortar 
between the blocks. 

35. Preservation of Stone. — To add to the durability 
of stone, especially of that naturally perishable or showing 
signs of decay, various pmcesses have been tried or proposed. 
All have the same end in view ; viz., to fill the exposed 
pores of the stone with some substance which shall exclude 
the air and moisture. Paints and oils are used for this pur- 
pose. Great results have been expected from the use of 
soluble glass (silicate of potash), and also from silicate of 
Kuie. The former, being applied in a state of solution in 
water, gradually hardens, partly through the evapoi-ation of 
its water, and partly through the removal of the potash by 
the carlwnic acid in the air. The latter is used by filling the 
pores with a solution of silicate of potash, and then introdu- 
cing a solution of calcium chloride or lime nitrate ; the chemi- 
cal action produces silicate of lime, filling the pores of the 
natural stone. Time and experience will snow if the hopes 
expected from the use of these silicates will be realized. 

36. Ease of Working the Stone. — This property is to a 
certain extent the inverse of the others. The ease with which 
stone can be cut or hammered into shape implies either soft- 
ness or else a low degree of cohesiveness between its particles. 

It often happens that its hardness may prevent a stone, in 
every other way suitable, from being wrought to a true sur- 
face and from receiving a smooth ectge at the angles. More- 
over, the difficulty of working will increase very materially 
the cost of the finished stone. 

It requires experience and good judgment to strike a me- 
dium between these conflicting qualities. 
2 
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37. Quarrying. — If the engineer should be obli^d to get 
out his own stone by opening a new^quarry, he should pay par- 
ticular attention to the best and cheapest method of getting it 
out and hauling it to the point where it is to be used. In all 
eases he will, if possible, open the quarry on the side of a 
hill, and arrange the roads in and leading to it with gentle 
slopes, so as to assist the draught of the animals employed. 
The stone near the surface, not being as good as that beneath, 
is generally discarded. The mass or bed of stone being ex- 
posed, a close inspection will discover the natural joints or 
fissures along which the blocks will easily part from each 
other. When natural fisstires do not exist, or smaller blocks 
are required, a line of holes is drilled at short regular inter- 
vals, or grooves are cut in the upper suiface of a bed. Then 
blunt steel wedges or pins, slightly larger than the holes, are 
inserted, and are struck sharply and simultaneously with ham- 
mers until the block splits off from the layer. 

If large masses of stone be required, resort is had to blast- 
ing. This operation consists in boring the requisite number 
of holes, loading them with an explosive compound, and fir- 
ing them. The success of blasting will depend upon a judi- 
cioub selection of the position and depth of the holes and upon 
the use of the proper charges. 

Instead of trusting, as is too often done, to an empirical 
rule, or to no rule at all, it is well, by actual experiments on 
the particular rock to be quarried, to ascertain the effect of 
different charges, so as to determine the amount required in 
any case, to produce the best result. 



VARIETIES OP BUILDING STONES IN GENERAL USB. 

SILICIOUS STONES. 

38. Sillclous stones are those in which silica^is the prin- 
cipal constituent. With a few exceptions, their stnicture is 
crystalline-granular, the grains being hard and durable. They 
emit sparks when struck with a steel, and do not generally 
effervesce with acids. 

Some of the principal silicious stones used in building are 
Syenite, Granite, Gneiss, Mioa Slate, Hornblende Slate, 
Steatite, and the Sandstones. For their composition, partic- 
ular description, etc. see any of the manuals of mineralogy. 

Syenite, Granite, and Gneiss.— These stones differ but lit- 
tle in the qualities essential to a good building material, and 
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from the great resemblance of their external characters and 
jihysical properties are generally known to builders by the 
common term granite. 

Granite {Syenite^ Granite^ and Onei88),-^T\\h stone ranks 
high as building material, in consequence of its superioi 
strength, hardness, and dural)ility, and furnishes a material par- 
ticularly suitable for structures which require great strength. 
It does not resist well very high temperatures, and its great 
hardness requires practised stone-cutters to be employed in 
working it into proper shapes. It is principally used in works 
of magnitude and importance, as light houses, sea-walls, 
revetment-walls of fortifications, large public buildings, etc. 
Only in districts where it abounds is it used for ordinary 
dwelling-houses. It was much used by the ancients, especially 
by the Egyptians,some of whose structures, as tar as the stone 
is concerned, are still remaining in good condition, after 3,000 
years' expi^ure. (rranite occurs in extensive beds, and may 
be obtained from the quarries in blocks of almost any size re- 
quired. Gneiss, in particular, having the mica more in layei-s, 
presents more of a stratified appearance, and adniits of being 
broken out into thin slabs or blocks. A granite selected for 
building purposes should have a fine grain, even texture, and 
its ccmstituents uniformly disseminated through the mass. It 
should be free from pyrites or any iron ore, which will rust 
and deface, if not destroy the stone on exposure to the weath- 
er. The feldsi)athic varieties are the best, and the syenitic 
are the most durable. An examination of the ro<».k m and 
around the quarry may give some idea of its durability. 

Miea Slate has in its composition the same materials as 
gneiss, and breaks with a glistening or shining surface. The 
compact varieties are much used for tlairging, for door and 
hearth stones, and for lining furnaces, as they can be broken 
out in thin, even slabs. It is often used in ordinary masonry 
work, in districts where it abounds. 

Hornblende Slate resembles mica slate, but is tougher, and 
is an excellent material for flagging. 

Steatite, or Soapstone, is a soft stone easily cut by a knife, 
and greasy to the touch. From the ease with which it is 
worked, and from its refractory nature, it is used for fire-stones 
in furnaces and stoves, and for jambs in fire-places. Being 
soft, it is not suitable for ordinary building purposes. 

Sandstone is a stratified roc.k, consisting of grains of silicious 
sand, arising from the disintegration of silicious stones, ce- 
mented together by some material, generally a compound of 
silica, alumina, and lime. It has a harsh feel, and every dull 
shade of color from white, tlirough yellow, red, and brown, to 
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Bearly a black. Its strength, hardness, and diirabih'ty vary 
between very wide limits ; some varieties being little inferior 
to good granite as a building- stone, otliers being very soft, 
friable, and disintegrating rapidly when exposed to the weath- 
er. The least durable sand-stones are those which contain the 
most argillaceous matter ; those of a f eldspathic character also 
are found to withstand poorly the action of the weather. The 
best sandstone lies in thick strata, from which it can be cut in 
blocks that show very faint traces of stratification; that which 
is easily split into thin layers, is weaker. It should be firm in 
texture, not liable to peel off when exposed, and should be free 
from pyrites or iron-sand, which rust and disfigure the blocks. 
It is generally porous and capable of absorbing much water, 
but it is compai-atively little injured by moisture, unless when 
built with its lay el's set on edge. In this case the expansion of 
water between the layers in freezing makes them split or 
" scale " off. It should be placed with the stmta in a horizon- 
tal position, so that any water which may penetrate between 
the layers may have room to expand or escape. Most of the 
varieties of sandstone yield readily under the chisel and saw, 
and split evenly ; from these properties it has received from 
workmen the name of f^ee-stone. It is used very exten- 
sively as a building-stone, for flagging, for road material ; and 
some of its varieties furnish an excellent fire-stone. 

Other varieties of silicious stones besides those named, as 
porphyry, trap or greenstone, basalt, quartz-rook 
(oobble-stone), bnhr-stone, etc., are used for building and 
engineering purposes, and are eminently fit, either as cut- 
stone or rubble, as far as strength and durability are concerned. 



ARGUXACEOtrS STONES. 

39. Argillaoeous or Clayey Stones are those in which 
clay exists in suiBcient quantity to give the stone its charac- 
teristic properties. As a rule, the natural argillaceous stones, 
excepting roofing slate, are deficient in the properties of hard- 
ness and durability, and are unfit for use in engineering con- 
structions. 

Roofing Slate is a stratified rock of great hardness and 
density, commonly of a dark dull blue or purplish color. To 
be a good material for roofing, it should split easily into even 
slates, and admit of being pierced for nails without being 
fractured. It should be free from everything that can on ex- 
posure undergo decomposition. The signs of good quality in 
slate are compactness, smoothness, uniformity ox texture, clear 
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aark color; it should give a ringing sound when struck, and 
should absorb but little water. Being nearly impervious to 
water, it is principally used for covering of roofs, linings of 
water>tanks, and for other similar purposes. 



CALCAREOUS STONES. 

40. Caloareous Stones are those in which lime (oaloitmb 
tnonaxide) is the principal constituent. It enters either as a 
sulpliate or carbonate. 

Caloiiun Sulphate, known as gypsum in its natural 
state, when burnt and reduced to a powder, is known as 
plaster-of-Paris. A paste made of this powder and a little 
water, soon becomes hard and compact. Gypsum is not 
used as a building-stone, being too soft. The plaster, owing 
to its snowy whiteness and fine texture, is used for taking casts, 
making models, and for giving a hard ilnish to walls. Care 
must be taken to use it only in dry and protected situations, 
as it absorbs moisture freely, then swells, cracks, and exfoliates 
rapidly. 

Caloium Carbonates, or Limestones, furnish a large 
amount of ordinary building-stone, ornamental stone, and form 
the source of the principal ingredient of cements and mortars. 

They are distinguished b^ being easily scratched with a 
knife, and by effervescing with an acid. In texture they are 
either compact or granular; in the former case the fracture is 
smooth, often conchoidal ; in the latter it has a crystalline- 
granular surface, the fine varieties resembling loaf-sugar. 

The limestones are generally impure carbonates, and we 
are indebted to their impurities for some of the most beauti- 
ful as well as the most invaluable materials used for construc- 
tions. Those stones which are colored by metallic oxides, or 
by the presence of other minerals, furnish the numerous color- 
ed and variegated marbles ; while those which contain a cer- 
tain proportion of impurities as silica, alumina, etc., yield, on 
calcination, those cements which, from possessing tne prop- 
erty of hardening under water, have received the names of 
hydraulic lime, hydraulic cement, etc. 

As a building material, limestones are classed into two 
divisions — those that can receive a polish, and those that can 
not — known respectively as marbles and common lime- 
stone. 

41. Marbles. — Owing to the high polish of which they are 
susc^eptible, and their consequent value, the marbles are most- 
ly reserved for ornamental purposes. 
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TIloy prcflont p^reat variety, both in color and appearance, 
Hiul tlio difFercnt kinds have generally received some appro- 
]>riate name dcKcriptive of their use or appearance. 

Statuary Marble is of the pnrest white, finest grain, and 
in free fnnn all foreign minerals. It receives a delicate 
jMiUhh, withont glare, and is, therefone, admimbly adapted to 
th<j purposes of the sculptor, for whose uses it is mostly 
nwiM'vcd. 

Conglomerate Marble. — This consists of two varieties; 
the on** termed pudding stone, composed of rounded pebbles 
omlM'iMod in compact limestone; the other termed breccia, 
conHihting of angular fragments united in a similar manner. 
T\ni colors of these marbles are generally variegated, making 
the miit(»rial very handsome and ornamental. 

Bird's-eye Marble. — The name of this stone is descriptive 
of itri appearance after sawing or splitting, the ei/es arising 
from the cross-sections of a peculiar fossil {jucoides dendssus) 
contained in the mass. 

Lumaohella Marble. — This is a limestone having shells 
emlxMlded in it, and takes its name from this circumstance. 

Verd Antique. — This is a rare and costly variety, of 
a beautiful green color, the latter being caused by veins 
and blotches of serpentine diffused through the lime- 
Htone. 

There aro many other varieties that receive their name 
cither from their appearance or the localities from which 
they arc obtained. 

Many of these are imitated by dealers, who, by processes 
known to themselves, stain the common marbles so success- 
fully that it requires a close examination to distinguish the 
false from the real. 

Cominon Limestone. 

42. This class furnishes a great variety of building stones, 
which present great divei-sity in their physii^al properties. 
Some or them seem as durable as the best silicions stones, and 
are but little inferior to them in strength and hardness ; others 
decompose rapidly on exposure to the weather ; and some 
kiutlri are so soft that, when first quarried, they can be 
bcnitfhcd with the nail and broken between the fingers. The 
ihinibiliiy of limestones is materially affected bv tlie foreign 
miuonils thev may contain ; the presence of clay injures the 
btouu for building purposes, particularly when, as sometimes 
Jim»uijuri, it runs turouj^h the bed in very minute veins; 
\^ii*\b i>f sti»ue having this imperfection soon separate along 
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tliose veins on exposure to moisture. Ferrous oxide, sulphate 
and carbonate of iron, when present, are also very destructive 
in their effects, frequently causing by their chemical changes 
rapid disintegration. 

Among the varieties of impure carbonates of lime are the 
magnesian limestones, called dolomites. They are re- 
garded in Europe as a superior building material ; those being 
considered the best which are most crystalline, and are com- 
posed of nearly equal proportions of the carbonates of lime 
and magnesia. The magnesian limestone obtained from 
quarries in New York and Massachusetts is not of such good 
quality ; the stone obtained being, in some cases, extremely 
friable. 



n.— ARTIFICIAL STONES. 
1st. — BRICK. 

43. A brick is an artificial stone, made by moulding tem- 
pered clay into a form of the requisite shape and size, and 
nardening it, either by bakiiij^ in the sun or by burning in a 
kiln or other contrivance. When hardened by tlie first pro- 
cess, they are known as sun-dried^ and by the latter as bunit- 
brick^ or simply brick. 

44. SuQ dried Brick. — Sun-dried bricks have been in use 
from the remotest antiquity, having been foun i in the ruins 
of ancient Babylon. They were used by the Greeks and 
Romans, and especially by the Egyptians. At present they 
are seldom employed. 

They were ordinarily made in the spring or autumn, as 
they dried more uniformly during those seasons; those made 
in the summer, drying too rapidly on the exterior, were apt 
to crack from subsequent contraction in the interior. 

It was not customary to use them until two yeai's after they 
had been made. 

Walls, known as adobes^ made of earth hardened in a simi- 
lar way, are found in parts of our country and in Mexico. 
They furnish a simple and economical mode of constru(;tion 
where the weights to be supported are moderate, and where 
fuel is very scarce and expensive. This mode, howevo/ suit- 
able for a southern, is not fit for our climate. 

45. Burnt Brick. — Bricks may be either common or 
jpressed^ hand or mcichine made. 

The qualities of a brick are dependent upon the kind :)f 
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earlk used, the tempering of this earth, the moulding of the 
raw brick, and the drying and burning processes. 

46. Common Brick. — The size and form of common bricks 
vary but little. They are generally rectangular parallelopi- 
pedons, about 8^ inches long, 4 inches broad, and 2f inches 
thick, the exact size varying witli the contraction of the clay. 

Kinds of Earth. — Tlie argillaceous earths suitable for 
brick-making may be divided into three principal classes, viz. : 

Pure Clays, those composed chiefly of aluminum silicate, 
or one part of alumina and two of silica, combined with a 
small proportion of other substances, as lime, soda, magnesia^ 
ferrous oxide, etc.; 

IjoamSy which are mechanical mixtures of clay and sand ; 
and 

Marls, which are mechanical mixtures of clay and car- 
bonate of lime. 

Pure clay, being made plastic with water, may be moulded 
into any shape, but will shrink and crack in drying, however 
carefully and slowly the operation be conducted. By mixing 
a given quantity of sand with it, these defects may be greatly 
remedied, while the plastic quality of the clay will not be 
materially affected. 

The loams oftentimes have too much sand, and are then so 
loose as to require an addition of clay or other plastic mate- 
rial to increase their tenacity. 

Earth is frequently found containing the proper proportions 
of clay and sand suitable for making bricks ; but, if« it be not 
naturally fit for the purpose, it should be made so by adding 
that element which is lacking. The proportion of sand or 
clay to be added should be determined by direct experiments. 

Silicate of lime, if in any considerable quantity in the 
earth, makes it too fusible. Carbonate of lime, it present 
in any considerable quantity in the earth, would render it 
unfit, since the carbonate is converted, during the burning, 
into lime, which absorbs moisture upon being exposed, would 
cause disintegration in the brick. 

Preparation of the Earth. — The earth, being of the proper 
kind, is first dug out before the cold weather, and earned 
to a place prepared to receive it. It is there piled into heaps 
and exposed to the weather during the \^inter, so as to be 
mellowed by the frosts, which break up and crunible die 
lumps. 

In the spring the earth is turned over with shovels, and the 
stones, pebbles, and gravel are removed ; if either clay or 
sand be wanting, the proper amount is added. 

Tempering. — The object of tempering is to bring the earth 
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into a homogeneous paste for the use of the moulder. This 
is effected by mixing it with about half its volume of water, 
and stirring it and kneading it either by turning it over re- 
peatedly with shovels and treading it over by hoi-ses or men 
until the required plasticity is obtained, or by using the pug- 
inill or a similar machine. 

The plastic mass is then moulded into the proper forms by 
band or machinery. 

By Hand. — In the process by hand the mould used is a 
kind of box, without top or bottom, and the tempered clay is 
daslied into it w\th sufficient force to* completelv fill it, the 
su[>erfluou6 clay being removed by Btrikiiig it with a straight- 
edge. The newly-made brick is then turned out on a drying- 
fl<X)r, or on a board and carried to the place where it is to 
dry. 

47. By Machines. — Bricks are now generally moulded by 
machines. These machines combine the pug-mill with an 
apparatus for moulding. This apparatus receives the clay as 
discharged from the pug-mill, presses it in moulds, and pushes 
the brick out in fi*ont, ready to be removed from the frames 
and carried to the drying -floor. 

48. Drying. — Great attention is necessary in this part of 
the process of manufacture. The raw bricks are dried in the 
open air or in a drying-house, where they are spread out on 
the ground or floor, and are frequently turned over until they 
are sufficiently hard to be handled without injury. They are 
then piled into stacks under cover for further .drying. 

In drying bricks, the main points to be observed are to pro- 
tect them from tlie direct action of the sun, from draughts of 
air, from rain and frost, and to have each brick dry uni- 
formly from the exterior inwards. The time allowed for dry- 
ing depends upon the climate, the season of the year, and the 
weather. 

49. Burning. — The next stage of manufacture is the burn- 
ing. The bricks are arranged in the kiln so as to allow the 
passage of the heat around them ; this is effec^d by piling 
tlie bricks so that a space is left an)und each. This arrange- 
ment of the bricks, i^^Xi^^ setting the kiln, is to allow the heat 
to be diffused equally throughout, to afford a good draught, 
and to keep up a steady heat with the least amount of fuel. 

A very moderate fire is next applied under the arches of 
the kiln to expel any remaining moisture from the raw brick ; 
this is continued until the smoke from tlie kiln is no longer 
b^ack. The fire is then increased until the bricks <)f the 
arches attain a white heat ; it is then allowed to abate in some 
degree, iu order to prevent complete vitrification ; and it \^ 
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thus alternately raised and lowered until the burning is com- 
plete, as ascertained by examining the bricks at the top of tJie 
kiln. The bricks should be slowly cooled ; otherwise they 
will not withstand tlie effects of the weather. The cooling is 
done by closing the mouths of the arches and the top and 
sides of the kiln, in the most effectual manner, with moist clay 
and burnt brick, and by allowing the kiln to remain in tliis 
state until the heat has subsided. The length of time of burn- 
ing varies, but is often fifteen days or thereabouts. 

50. Genereil Qualities and Uses. — Bricks, when propei-ly 
burnt, acquire a degree of hardness and durability that ren- 
ders them suitable for nearly all the purposes to which stone 
is applicable ; for, when carefuUy made, they are in sti*ength, 
hardness, and durability but little inferior to the ordinary 
kinds of building-stone. They remain unchanged under the 
extremes of temperature, resist the action of water, set firmly 
and promptly with mortar, and, being both cheaper and 
lighter than stone, are preferable to it for many kinds of 
structures, as for the walls of houses, small arches, etc. 

The Romans employed bricks in the greater part of their 
constructions. The scarcity of stone in Holland and the 
Netherlands led to their extensive use, not only in private 
but in their public buildings, and these countries abound 
in fine specimens of brick-work. 

51. Characteristics of good Bricks. — Good bricks should 
be regular in shape, with plane surfaces and sharp edgc^; 
the opposite faces should be parallel, and adjacent faces per- 
pendicular to each other. 

They should be free from cracks and flaws ; be hard ; 
possess a regular form, and uniform size ; and, where exposed 
to great heat, infusibility. 

They should give a clear, ringing sound when struck ; and 
when broken across, they should show a fine, compact, uni- 
form texture, free from air-bubbles and cracks. 

They should not absorb more than ^^ of their weight of water. 

62. From the nature of the process of burning, it will be 
evident that in the same kiln nnist be found bricks of very 
different qualities. There will be at least three varieties: J, 
bricks which are burned too much ; 2, those, just enough ; and, 
3, those, not enough. The bricks forming the arches and ad- 
jacent to the latter, being nearer the fire, will be burnt to 
great hardness, or perhaps vitrified ; those in the intei'ior will 
be well burnt ; and those on tup and near the exterior will 
be under-burned. The first are called arch brick ; the sec- 
ond, body, hard, or, if the clay had contained fern^us-oxide, 
cherry red ; and the third, soft, pale, or saxnmel brick. 
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Tlie arcli bricks are very hard but brittle, and have but 
Blight adhesion with mortar; the soft or earn inel, if exposed 
to the weather, have not requisite strength nor durability, 
and (3an, therefore, be used only for inside work. 

53. Pressed Brick. — Pressed brick are made by putting 
the raw bricks, when nearly dry, into moulds of proper 
shape, and submitting them to a heavy pressure by machinery. 
Tliev are heavier than the common brick. All machine- 

« 

made bricks pailake somewhat of the nature of pressed 
brick. 

54. Fire-bricks. — Fire-bricks are made of refractory clay 
containing no lirae or alkaline matter which remains un- 
changed by a degree of heat that would vitrify and destroy 
common brick. Tliey are baked rather than burnt, and their 
quality depends upon the fineness to which the clay has been 
ground and the degree of heat used in making them. 

They are used for facing fireplaces, lining furnaces, and 
wherever a high degree of temperature is to be sustained. 

pricks light enough to float in water were known to the 
ancients. During the latter part of the last century M. Fab- 
broni, of Italy, succeeded in making floating bricks of a ma- 
terial known as agaric mineral^ a kind of calcareous tufa, 
called fossil meal. Their weight was only one-sixth that of 
common brick ; they were not affected by the highest tem- 
peratui-e, and were bad conductoi-s of heat. 

55. Brick-making was introduced into England by the 
Romans, and arrived at great perfection during the reign of 
Henry VIII. 

The art of brick-making is now a distinct branch of the 
useful arts, and the number of bricks annually made in this 
country is very great, amounting to thousands of millions. 

The art of brick-making does not belong to that of the en- 
gineer. But as the engineer may, under peculiar circum- 
stances, be obliged to manufacture brick, the foregoing out- . 
line has been given. 

Tiles. 

56. Tiles are a variety of brick, and from their various 
uses are divided into three classes, viz. : roofing, paving, and 
draining tiles. 

Their manufacture is very similar to that of brick, the 
principal differences arising from their thinness. This re- 
quii-es the clay to be stronger and purer, and greate-f care to 
be taken in their manufacture. 

Their names explain their use. 
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2d. OONCBBTES. 

57. Concrete is the terra applied to any mixture of morta.^ 
with coarse solid materials, as gravel, pebbles, shells, or 
ments of brick, tile, or stone. 

The term concrete was formerly applied to the mixtn 
made with common lime mortar ; beton, to the mixtui*e whe: 
the mortar used was hydraulic, i. e., will harden under water^ 

The proporti(jns of mortar and coai'se materials are de — 
termined by the following principle: that the volume of^ 
cementing avhstanoe should always he slightly in excess of th^ 
volume of voids of the coarse materials to he united, Thifr 
excess is added as a precaution against imperfect manipula- 
tion. 

Concrete is mixed by hand or by machinery. 

One method, by hand, used at Fort Warren, Boston Harbor, 
was as follows : The concrete was prepared by lirst spread- 
ing out the gravel on a platform of rough boards, in a layer 
from eight to twelve inches thick, the smaller pebbles at the 
bottom and the larger on the top, and then spreading the 
mortar over it as uniformly as possible. The materials were 
then mixed by four men, two with shovels and two with hoes, 
the former facing each other, always working fi*om the out- 
side of the heap to the centre, then stepping back, and recom- 
mencing in the same way, and continuing the operation until 
the whole mass was turned. The men with hoes .worked each 
in conjunction with a shoveller, and were required to nCh well 
into t/ie mortar each shovelful as it was turned and spread. 
The heap was turned over a second time, this having been 
usually suiBcient to make the mixture complete, to cover the 
entire surface of each pebble with mortar, and to leave the 
mass of concrete ready tor use. 

Various machines have been devised to effect the thorough 
mixing of the materials. A pug-mill, a cylinder in an iur 
clined position revolving around its axis, a cubical box revolv- 
ing eccentrically, and various other machines, have been used. 

58. Uses of Concrete. — Concrete has been generally used 
ill confined situations, as foundations, or as a backing for mas- 
sive walls. For many yeai-s it has been extensively employed 
in the construction of the public works throughout the United 
Stales, and is now extended in its application, not only to 
foundations, but even to the building of exterior and partition 
walls in private buildings. It has of recent years had quite 
an extensive application in harbor improvements in Europe. 
There are evidences of its. extensive use in ancient times 



PATENT STONES. 29 

in Rome ; many public buildings, palaces, theatres, aqueducts, 
etc., being built of this material. It has been asserted that 
the pyramids of Egypt are built of artificial stone composed 
of small stone and mortar. 

It is especially suitable as a building material when dryness, 
water-tightness, and security against vermin are of conse- 
qaence, as in cellars of dwelling-houses, magazines on the 
gronnd,or underneath, for storage of provisions, etc. 

59. Remarks. — In order to obtain uniformly a good con- 
crete by the use of hydraulic lime or cement, or both, it is 
essential — 

1. That the amount of water be just sufficient to form the 
cementing material into a viscous paste, and that it be sys- 
tematically applied ; 

2. That eacn grain of sand or gravel be entirely covered 
with a thin coating of this paste ; and 

3. That the grains be brought into close and intimate con- 
tact with each other. 

These conditions require more than the ordinary methods 
wui machinery used in making mortars, especially if a supe- 
rior article be desired. 



Patent Stones. 

60. Various attempts from time to time have been made to 
n^ke an imitation which, possessing all the merits and being 
free from the defects, of the most useful building-stones, 
would supplement, if not supersede, them. These imitations 
*re generally artificial sandstones. 



B6ton Aggloni6r§. 

61* B6ton aggloni6r6,orOoignet-B6toti, is the name used 
to designate the artificial sandstone which has resulted 
fr^m the experiments and researches of M. Fran9ois Coignet, 
of Paris. 

Manufkoture. — ^The hydraulic lime or cement in powder, 
{"Ogether with about one-third of its volume of water, are put 
^to a suitable mill acting by compression and friction, and 
*re subjected to a thorough and prolonged mixing until a 
I^rticular kind of sticky paste is obtained. The excellence 
of the b^ton depends greatly on this operation. If too much 
'witer be used, tne mixture cannot be suitably rammed; if toe 
little, it will be deficient in strength. 
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The sand, deprived of its surplus moisture, and the pasted 
are },ut in suitable proportions into a powerful mill, and 
subjected to a thorough mixing until the compound presents 
the proper apj^earance, which is that of a pasty powder. 

Tne proportions will vary according to tlie probable uses of 
the stone; 6 volumes of sand to 1 of hydraulic lime in 
powder ; or, 5 of sand, 1 of hydraulic lime, and 1 of Portland 
cement, are sometimes used. The materials, being in a state 
of pasty powder, are now ready to be placed in moulds. 
Each grain of sand bein^^ coated with the paste, it is essential 
that they be brought in intimate contact With each other. 

This is effected by placing the paste in layere of 1^ to 2 
inches thick iii strong moulds capable of sustaining a heavy 
]>ie8sure, and ramming each layer, as placed, by repeated 
blows of an iron-shod rammer until the stratum of material is 
reduced to about one-third of its original thickness. Tlie 
ui)per surface is struck with a straight-edge, and smoothed off 
with a trowel. The mould is turned over on a bed of sand, 
and detached from the block. If the block be small, it may 
be handled after one day; larger pieces should have a longer 
time to harden. 

Beton agglom(5r6 is noted for its strength, hardness, and 
durability, and has had quite an extensive application in 
France; aqueducts, bridges, sewers, cellai-s of barracks, etc., 
have been built with it. Patents for making a similar stone 
have been taken out for the United States. 



Ransoxne's Patent Stone. 

62. Amonor other artificial stones that are offered to the 
builder are seveml bearing the name of Eansome, an English 
engineer. The patent silicious stone, Ransome's apcenite, and 
Ransoine's patent stone, are all artificial sandstones, in which 
the cement is a silicate of lime. They differ mostly in the 
j>^roces8 of making. The patent stone has been made in San 
"rancisco and in Chicago, and employed to some extent in 
those cities. 

Piinciples of Manufacture. — Dry sand and a solution of 
silicate of soda, about a gallon of the silicate to a bushel of 
sand, are thoroughly mixed in a suitable mill, and then 
moulded into any of the forms required. These blocks or 
foiins are then saturated by a concentrated solution of calcium 
chloride, which is forced through the moulded mass by exhaus- 
tion of the air, by gravity, or by other suitable means. The 
chemical reactions result in the formation of an insoluble 
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silicate of lime, which firmly unites all the grains of the mass 
into one solid, and a solution* of sodium chloride (common 
salt). The latter is removed by washing with water. 

liemark. — The artificial stone thus formed is uniform and 
hom(^eiieous in its texture, and said to be free from liability 
to distortion or shrinkage. It is also claimed that it is not 
affected by variations of climate or temperature. 



3d. ASPHALTIO CONCRETE. 

63. Asphaltio Concrete is a concrete in which the solid 
materials are united by maatio, a mixture of powdered lime- 
stone, or similar material, with artificial or natural combina- 
tions of bituminous or resinous substances. 

The manufacture of mastics will be described under the 
head of Uniting Materials ; the manufactured product may 
be bought in blocks ready for use. 

Asphaltic concrete is made as follows : 

The mastic is broken into small pieces, not more than half 
a pound each, and placed in a caldron, or iron pot, over a fire. 
It is constantly stirred to prevent its burning, and as soon as 
melted there is gradually added two parts of sand to each 
one of the mastic, and the whole mass is constantly stirred 
yntil the mixture will drop freely from the implement used 
in stirring. 

The ground having been made perfectly firm and smooth, 
covered with ordinary concrete, or otherwise prepared, the 
mixture is applied by pouring it on the surface to be coated, 
taking care to spread it uniformly and evenly throughout. 
A square or rectangular strip is fii'st laid, and then a second; 
and so on, until the entire snrface is completely covered, the 
finrface of each square being smoothed with the flrat. Before 
it becomes hard a small quantity of fine sand is sifted over it 
and is well rubbed in with a trowel or hand-float. 

The thickness of the coating will depend upon its situation, 
being less for the capping of an arch than for the flooring of 
a room, and for the fatter less than for a hall or pavement 
^'here many are passing. 

Care is taken to form a perfect union between edges of 
adjoining squares, and, where two or more thicknesses are 
^, to make them break joints. 

A raixtui'e of coal tar is frequently used as a substitute for 
mastic 

Uses. — The principal uses of asphaltic concrete are for pav- 
ing streets, side- walks, floors of cellars, etc. 
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^ - : -rtrions insoluble Bilicates. Ite 

. .. :iie property belongm<r to the al- 

» srate of fusion, of dissolvinrr a 

-. ..». The mixture hardens on cooling, 

.-.:i.::iiL* structure. 

.^. - X •. :>:vcly used in building, as a roof- 

:^ -i^j'riots ornamental buildings, railroad 

-.v.L-uivs for which the greatest possible 

^>v . ^ .V :ii: nuUerial is recjuired. Other uses, 

• >^ >-x* !:^iirs, doors, etc., are familiar to everv 

Lxh^t^ > '•«"' **rt of fixing fijlass in the frames of \\rin- 
... i> .i:v s<vu red with putty, a composition of 
. >;.w' »nl with sometimes an addition of white 

- .,v '.• A's sliould be additionally secured by means 



CHAPTER III. 
HiIETAIjS. 

'.W\ Pv •'•K'^rHls \\M\\ in engineering constructions are Iron, 
Stvol, kV|*iH^x, Zino, Tin, Lead, and some of their alloys. 

niON AND STBBXi. 

j; Iwvx !iii!» tho most extensive application of all the 

»!^ . i A :xv\i i\»r buiUling purposes. It is obtained from tho 

...^ »^ .r^.ti'M^r tho latter in a blast-furnace. AVhcn the fuel 

. .^x \ ^\\i\ tho blast is generally of hot-air ; in this process, 

V .. « ' -i-v iho V'.' Wjm/, the air, before being forced into the 

. .*.v\ "^ ^o<»r<Hl high enough to melt lead. 

\\ '\ • ,*^' tuolal has fused, it is separated fmm the other 

« N. ts\v< 'M fho on\ and is allowed to combine with a small 

x*( viuIh»u, from 2 to 5 per cent, forming a com- 
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nace, the latter is tapped, and the molten metal running out 
is received in sand in long straight gutters, which have 
numerous side branches. Tliis arrangement is called the sow 
txAmg%; hence the name of pig-iron. 

The iron in the pig is in a shape to be sent to market, and 
in suitable condition to be remelted and cast into any re- 
quired form, or to be converted into wrought or malleable 
iron. 

Impurities. — The strength and other good qualities of the 
iron depend mainly on the ahsenGe of impurities^ and espe- 
cially of those substances known to cause brittleness and weak- 
ness, as sulphur, phosphorus, silicon, calcium, and magnesium. 



OAST-IBON. 

68. Cast-iron is a valuable building material, on account 
of its great strength, hardness, and durability, and the ease 
with which it can oe cast or moulded into the best forms for 
the purposes to which it is to be applied 

Varieties of Cast-iron. — Cast-iron is divided into six varie- 
ties, according to their relative hardness. This hardness 
seems to depend upon the proportion and state of carbon in 
the metal, and apparently not so much on the total amount 
of carbon present in the specimen, as on the proportionate 
amounts in the respective states of mechanical mixture and 
of chemical combination. Manufacturers distinguish the 

different varieties by the consecutive whole numbers from 1 
to6. ^ 

No. 1 is known as gray oast-iron, and No. 6 as white 
oast-iron. They are the two principal varieties. 

^ray Cast-Iron, of goodquality,i6 slightly malleable when 
cold, and will yield readily to the action of the file if the 
hard outside coating is removed. It has a brilliant fracture of 
* gray, sometimes bluish gray, color. It is softer and tough- 
er, and melts at a lower temperature, than white iron. 

White Cast-Iron is very brittle, resists the file and chisel, 
a'^d is susceptible of high polish. Its fracture presents asil- 
^«ry appearance, generally fine-grained and compact 

"Rie intermediate varietieS| as they approach in appear- 
ance to that of No. 1 or No. 6, partake more or less ot the 
properties characteristic of the extreme varieties. 

Numbers 2 and 3, as they are designated, are usually con- 
sidered the best for building purposes, as combining strength 
Md pliability. 

3 
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Appearances of Good Cast-iron. 

09. A medinm-sized grain with a close compact textnro in- 
dicated a gixKl quality of iron. The color and lustre preseut- 
uU by tiie surface of a recent fracture are good indications of 
itH quality. A uniform dark-gray color witli a high metallic 
hiHtro is an indication of the best and sti-ongest iron. With 
the HHuie color, but less lustre, the iron will be found to be 
Hotter aud weaker. No lustre with a dark and mottled color 
imlicates the softest and weakest of the gray varieties. 

Cast-iron, of a light-gray color and high metallic lustre, is 
urtually very hard and tenacious. As the color approaches to 
white, and as the metallic changes to a vitreous lustre, hard- 
ness Hud brittleness of the iron become more marked ; when 
the extreme, a dull or grayish white color with a very high 
vitreous lustre, is attained, the iron is of the hardest and most 
brittle of the white variety. 

70. Test of its Quality. — The quality of cast-iron may be 
tested by striking; a smart stroke with a hammer on the edge 
of a easting. IE the blow produces a slight indentation, 
without any appearance of fracture, the iron is shown to be 
slightly nuilleable, and therefore of a good quality ; if, on 
the eoiitrary, the edge is broken, there is an indication of brit- 
tle.ness in the material, and consequent want of strength. 

71. Strength. — The strength of cast-iron varies with its 
(lensitv, and the density depends upon the temperature of the 
In^^ta^^vhen drawn from the furnace, the rate of cooling, the 
lu^uil of metal under which the casting is made, and the bulk 
of the easting. 

I'roni the many causes by which the strength of iron may 
be intlneneed, it is very difficult to judge of the quality of a 
easiing by its external characters; however, a uniform ap- 
iiearanc^e of the exterior devoid of marked inequalities of sur- 
luee, generally indicates uniform strength ; and large castings 
are generally proportionally weaker than small ones. 



WROUGHT OR MALLEABLE IRON. 

7i3. Wrought, or Malleable Iron, in its perfect condition, 
in simply 7>w/'^ iron. 

It generally falls short of such condition to a greater or less 
itsU^nt, (»n aeeonnt of the presence of the impurities referred 
til hi a previous paragraph. It contains ordinarily more than 
one quarter of one per cent, of carbon. 
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It may be made by direct reduction of the ore, but it is 
usnally made from cast-iron by the process called j>t^' 
dling, 

Wrought-iron is tough, malleable, ductile and infusible in 
ordinary furnaces. At a white heat it becomes soft enougli 
to take any shape under tlie hammer, and admits of being 
vsdded, \\\ order to weld two pieces together, each surface 
should be free from oxide. If there Ae any oxide present, it 
is easily removed by sprinkling a little sand or dust or borax 
over the surfaces to be joined ; either of these forms with the 
rnst a fusible compound, which is readily squeezed out by the 
hammering or rolhng. 



Appearcmoes of good Wrought-iron. 

73. The fracture of good wrought-iron should have a clear 
gray color, metallic lustre, and a fibrous appearance. A 
crystalline structure indicates, as a rule, defective wrought- 
iron. Blisters, Jiaw^, and cinder-holes are defects due to oad 
manufacture. 

Strength. — ^The strength of wrought-iron is very variable, 
as it depends not only on the natural qualities of the metal, 
but also upon the care bestowed in forging, and upon the 
greater or less compression of its fibres when it is rolled or 
hammered into bare. 

Forms. — The principal forms in which wrought-iron is 
sent to market are Bar-iron, Round-iron, Hoop and Sheet- 
iron, and Wire. 

Bar-iron comes in long pieces with a rectangular cross- 
section, generally square, and is designated as 1 inch, 1^^ inch, 
2 inch, according to its dimensions. It is then cut and worked 
into any shape required. 

Bars receive various other forms of cross-section, depend- 
ing upon the uses that are to be made of them. The most 
common forms are the T, H, I, and L, cross-sections, called 
T-iron, H-iron, etc., from their general resemblance to these 
letters, and one whose section is of this shape, •— », called 
channel iron. The section like an inverted U is frequently 
Been. 

Round iron comes in a similar form, except the cross-sec- 
tion is circulffi', and it is known, in the same way, as 1 inch, 2 
inch, etc. 

Hoop and Sheet-iron are modifications of bar-iron, the 
thickness being very small in comparison with the width. 

Corrugated iron is sheet-iron of a modified form, by which 
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it8 strength and stiffness arc 
^?.^- /^-^r^ greatly increased. The dis- 

y \ >^ y \ N. tance between the corruga- 

-^- -if "^^^^ — ^ J ^ tions, A B, (Fig. I.) vanes, 

Fig. 1. being 3, 4, or 5 inches ; the 

depth, B C, being about one- 
fonrth A B. 

Iron Wire. — The various sizes of wire might be consid- 
ered as small sizes of round-iron, distinguished by nnmbers 
depending on the dimensions of cix)ss-section, except that wire 
is drawn through circular holes in a metal plate, wnile round- 
iron is roUed^ to obtain the requisite cross-sections. 

The numbers run from to 36 ; No. wire has a diameter 
equal to one-third of an inch, and No. 36 one equal to .004 
or an inch; the other numbers being contained between 
these, and the whole series being known as the Birmingham 
Wire Gauge. 

A series in which the numbers run from to 40, the ex- 
tremes being nearly the same as that just given, is sometinaes 
used. It is known as the American Gauge. 



STEEL. 

74. Steel, the hardest and strongest of the metals, is a 
chemical combination of iron and carbon, standing between 
wrought and cast-iron. 

No shaq) dividing line can be drawn between wrought-iron 
and steel, based on the proportions of carbon present in tlie 

f)roduct. The differences in their physical proi>erties are 
argely due to the process of manufacture. Many of the 
properties peculiar to wrought-iron have been found to di»- 
appear upon melting the iron, showing that they were the re- 
sult of the manipulation to which the iron was subjected. 

The term steely-iron, or semi-steel, has been applied when 
the compound contains less than 0.5 per cent, of carbon ; 
steel, when containing more than this, and less than 2 per 
cent. ; but when 2 per cent, or more is present, the compound 
is termed cast-iron, as before stated. 

75. Steel is made from iron by various processes, which 
are of two general classes ; the one in which carbon is added 
to malleable iron ; the other in which a part of the carbon is 
abstracted from cast-iron. Like iron, steel is seldom pure, 
but contains other substances which, as a rule, affect it inju- 
riously. There are, however, some foreign substances which, 
inti*oduced into the mass during manufacture, have a bene- 
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ficial effect upon the steel by inGi*easiii^ its hardness and 
lei tacit V and making it easier to foro^e and weld. 

76. Steel, nsed for building purposes, is made generally by 
one of three processes : 

1. By fusion of blister steel in crucibles ; as cast-steel ; 

2. By blowing air through melted cast-iron ; as Bessemer 
Bteel; or — 

3. By fusion of cast-iron on the open hearth of a rever- 
beratory furnace, and adding the proper quantities of malle- 
able iron or scrap steel ; as Siemens-Martin steel. 

77. The different kinds of steel are known by names given 
them either from their mode of inanufactnre, their appear- 
ance, from some characteristic constituent, or from some in- 
ventor's process; snch are German-steely bliste7*-8teelj shear- 
steely cant-steely tilted-sieel, puddled-steel^ granvlated-steel^ 
Bessemer-steeil^ etc. 

Germcui-steel is produced direct from certain ores of iron, 
by burning out a portion of the carbon in the cast-iron ob- 
tained by smelting the ore. It is largely manufactured in 
Germany, and is used for files and other tools. It is also 
known as natural steel. 

Blister-steel is made by a process known as " cementation^'' 
which produces a direct combination of malleable iron and 
carbon. The bars, after being converted into steel, are fonnd 
covered with blisters^ from which the steel takes its name. It 
is brittle, and its fracture presents a crystalline appearance. 
It sometimes receives the name of har-steel. 

Shear-steel is made by putting bars of blister-steel to- 
gether, heating and welding them under the forge-hammer, 
or between rolls ; the product is called " Shear-steel," 
" Double," " Single^" or " Ilalf," from the number of times 
the bars have been welded together. It is used for tools. 

Cast-steel, known also as crucihle'&\.Qe\ is made by break- 
ing blistered steel into small pieces, and melting it in close 
crucibles, from which it is poured into iron moulds. The 
resulting ingot is then rolled or hammered into bars. 

Its fracture is of a silvery color, and shows a fine, homoge- 
neous, even, And close grain. It is very brittle, acquires ex- 
treme hardness, and is difticnlt to weld without a flux. 

This is the finest kind of steel, and the best adapted for 
most purposes in the arts ; but, from its expensiveness, it is 
not much used in building. 

Tilted-steel is made from blistered steel by moderately 
heating the latter and subjecting it to the action of a tilt (»r 
trip-hammer ; by this means the tenacity and density of the 
steel are increased. 
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Puddled-steel is made by puddling pig-iron, and stopping 
the process at the instant when the proper proportion or car- 
bon remains. 

Granulated-steel is made by allowing the melted pig-iron 
to fall into water, so that it forms into grains or small lumps; 
the latter are afterwards treated so as to acqnire the proper 
proportion of carbon, and are then melted together. 

Bessemer-steel, which takes its name from the inventor of 
the process, is made by direct conversion of cast-iron into 
steel. This convei-sion is effected either by decarbonizing 
the melted cast-iron nntil only enough of carbon is left to 
make the required kind of steel, or, by removing all the car- 
l)on, and then adding to the malleable iron remaining in the 
furnace the necessary proportion of carbon ; the resulting 
product is then immediately run into large ingots. 

Siemens-Martin steel is another vanety or steel obtained 
directly from the cast-iron, and takes its name from the in- 
ventore of the process. In this process, the carbon is not 
removed by a blast of atmosphenc air, as in the Bessemer 
l)roce8S, but by the oxygen of the iron ore or iron scales, etc., 
the oxygen being freed as a gas during combustion. 

In each of the last two processes, the temperature is so 
great as to melt wrought-iron w'ith ease. 

There are other kinds of steel, possessing certain character- 
istics peculiar to themselves or claimed for them, but whose 
process of manufacture is not publicly known. 

78, Hardening and TempcTing. — Steel is more granular 
than iron, and is much more easily melted, but the great dif- 
ference between them is the capability of the steel to become 
extremely hard and elastic when tempered. The quality of 
the steel depends in a great measure on the operation of haiti- 
ening and tempering. 

It is hardened by being heated to a cherry-red color, and 
then beinir suddenly cooled by being plunged into some cold 
liquid. In this way it is rendered very brittle, and so hard 
as to lesist the hardest file. To give elasticity, it is tera- 
]>ei*e(l ; this is done by heating the hardened steel to a cei*^ 
tain de^reo, and cooling it quickly ; the different degrees of 
heat will depend upon the use to which the steel is to be put 

These qualities of hardness and elasticity adapt it for vari- 
ous uses, for which neither cast nor wrought-iron would be 
suitable. 

DURABILFriY OF IRON AND STEEL. 

79. Constructions in these metals are, like those in wood, 
subject to the same general conditions. They may be ex- 
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fKvsed to the air in a dry place, or in a damp place, be kept 
alteriiately wet and dry, or be entirely immersed in fresh or 
salt water. 

Their exposure to the air or moisture, especially if an acid 
l>e present, is followed by rusting which proceeds with 
i-apidity after it once begins. The corrosion is more rapid 
under exposure to alternate wetness and dryness than in 
either of the other cases. 

Cast-iron is usually coated with a film of graphite and 
fen'ous silicate, produced by the action of the sand of the 
mould on the melted iron ; this film is very durable, and, 
if not injured, the casting will last a long time without 
rusting. 

Iron kept in a constant state of vibration rusts less rapidly 
than in a state of rest. 

Iron completely imbedded in brick-work or masonry is 
preserved from rust, and in cathedrals and other ancient 
buildings it has been found in good condition after six hun- 
dred years. In these cases the iron was probably protected 
by the lime in the mortar, the latter oeing a good pre- 
servative. 

The rapid deterioration of iron-work when exposed to the 
air and to moisture makes its protection, so as to increase its 
durability, a matter of great importance. 



PKOTEOTION OF IRON-WORK. 

80. The ordinary method, used to protect iron from rust, 
is to cover its surface with some material that withstands the 
action of the air and moisture, even if it be for a limited time. 

The following are some of the methods : 

By painting. — The sui*face of the iron is covered with a 
coat of paint. Eed and white lead paints, ochreous or ii-on 
oxide paints, silicate paints, and bituminous paints, all are 
used. For this purpose, the value of the paint depends 

freatly upon the quality of the oil with which it is mixed, 
'he painting must be renewed from time to time. 
By Japaxming. — The ii'on being placed in a heated cham- 
ber, or furnace, the paint is there applied, and is to some 
extent absorbed by the iron, forming over it a hard, smooth, 
vaniish-like coating. 

By the use of ooal-tar. — The iron is painted with coal-tar 
alone or mixed with turpentine or other substances ; another 
method consists in first neating the iron to about 600° Fahr., 
and then boiling it in the coal-tar. 
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By the use of linseed oil. — The iron is heated, and the 
surface while hot is smeared over with cold linseed-oil. 

By galvanizing. — This term, "galvanized iron," is ap- 
plied to articles of iron coated with zinc. The iron, being 
tlxoroiighly cleaned and f i-ee from scale, is dipped into a bath 
of melted zinc, and becomes perfectly coatea with it. This 
coating pi-otects the iron from direct action of the air and 
moisture, and as long as it lasts intact the iron is perfectly 
free from rust. 



81. This metal possesses great durability under ordinary 
exposure to the weather, and from its malleability and tenar 
city is easily manufactured into thin sheets and fine wire. 

When used for building purposes, its principal application 
is in roof- coverings, gutters, and leaders, etc. Its great 
expeiifto, compared with the other metals, forms the cliief 
objection to its use. 

ZINO. 

82. Tliirt metal is used much more than copper in building, 
as it Ih much (;heaper and is exceedingly durable. Though 
xiiu! irt Huhject to oxidation, the oxide does not scale off like 
that of iron, but forms an impervious coating, protecting the 
nuital under it from the action of the atmosphere, thus ren- 
dering the use of paint unnecessary. 

In the form of sheets, it can be easily bent into any required 
shape. 

Tlio expansion and contraction caused by variations of tem- 
>erature are greater for zinc than iix)n, and when zinc is used 
i'or roof -coverings, particular attention must be paid to seeing 
that plenty ofjKUi/ is allowed in the laps. 

Zino, before it is made into sheets or other forms, is called 
spelter. 

. TIN. 

83. This metal is only used, in building, as a coating for 
shcet-inm or sheet-copper, protecting their surfaces from 
oxidation. 



I 



84. This metal was at one time much used for roof-cover- 
ing, lining of tanks, etc. It is now almost entirely super* 
Boded by the other metals. 
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It possesses durability, but is wanting in tenacity; this 
requires the use of thicker sheets which increase both the 
expense and the weight of the construction. 



ALLOTS. 

85. An alloy is a compound of two or more metals, 
mixed while in a melted state. Bronze, gun-metal, bell- 
metal, brass, pe'wter, and the various solders are some 
of the alloys that have a limited application to building pur- 

pUDCD. 



CHAPTEK IV. 

UNITING MATERIAIiS. 

86. Structures compgsed of wood and iron have their dif- 
ferent portions united principally by means of straps and 
pins made of solid materials; in some cases, especially in 
the smaller structures, a cementing material is used, as glue, 
etc. 

Tlie use of straps, pins, and like methods of fastenings 
will be described under the head of Framing. 

Structures composed of stone have their diflferent portions 
united principally by cementing materials, as limes, oements, 
mortars, etc. 

• 

QLUB. 

87. Glue is a hard, brittle, brownish product obtained by 
boiling to a jelly the skins, hoofs, and otner gelatinous parts 
of animals, and then straining and drying it. 

When gently heated with water, it oecomes viscid and 
tenacious, and is used as a uniting material. Although pos- 
lessing considerable tenacity, it is so readily impaired by 
moisture that it is seldom used in engineering constructions, 
except for joiner's work. 
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ZJMSS AND OaMBMT& 

LIMES. 

88. If a limestoDe be calcined, the carbonic acid will be 
driven off in the process, and the substance obtained is gen- 
erally known as lime. 

This product will vary in its qualities, depending on the 
amount and quality of tne impurities of the limestone. As 
a building material, the products are divided into three prin- 
cipal classes : 

1. Ck>ininon or fat lime. 

2. Hydraulio lime. 

3. Hydraulic oement. 

Common lime is sometimes called air-lime, because a paste 
made from it with water will harden only in the air. 

Hydraulic lime and cement are also called "water limes 
and oements, because a paste made from either of them 
with water has the valuable property of hardening under 
water. 

The principal use of the limes and cements in the engineer's 
art is as an ingredient in the mortars and concretes. 

Varieties of limestone. 

89. The majority of limestones used for calcination are 
not pure carbonates, but contain various other substances, the 
principal of which are silica, alumina, magnesia, etc. 

If tliese impurities be present in sufficiently large quan- 
tities, the limestone will yield on calcination a product pos- 
sessing hydraulio properties. 

Limestones may therefore be divided into two classes, or- 
dinary and hydraulio, according as the product obtained by 
calcination does or does not possess hydmulic properties. 

90. Ordinary Ijimestone. — A limestone which does not 
contain more than ten per cent, of these impurities, produces 
common lime when calcined. White chalk, and statuary 
marble, are specimens of pure limestone. 

91. Hydraulio Ijimestones. — Limestones containing more 
than ten per cent, of these impurities are called hydraulic 
limestones, because they produce, when properly calcined, a 
lime having hydraulic properties. 
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The hydraulic limestones are subdivided into silioious, 
gillaoeous, magnesian and argillo-magnesian, according 
to the nature of the predominating impurity present in the 

BtOUC. 

Physical Characters arid Teats of Hydraulic Limestones. 

92. The simple external characters of a limestone, as color, 
texture, fracture, and taste, are insufficient to enable a person 
to decide whether it belongs to the hydraulic class. 

Limestones are generally of some shade of drab or of gray, 
or of a dark grayish blue ; have a compact textui'e, even or 
conchoidal fracture, a clayey or earthy smell and taste. Al- 
though the hydraulic limestones are usually colored, still the 
stone may happen to be white, from the combination of lime 
with a pure clay. 

The difficulty of pronouncing upon the class to which a 
limestone belongs renders necessary a resort to chemical 
analysis and experiment. 

To make a complete chemical analysis of a limestone re- 
quires more skill in chemical manipulations than engineers 
usually possess ; but a person who has the ordinary element- 
ary knowledge of chemistry can ascertain the quantity of 
clay or of magnesia contained in a limestone, and (know- 
ing this) can pronounce, with tolerable certainty, as to the 
probabilities of its possessing hydraulic properties after cal- 
cination. 

Having from the proj)ortions ascertained that the stone will 
probably furnish a lime with hydraulic properties, a sample 
of it should be submitted to experiment. The only apparatus 
required for this purpose is a crucible that will hold about a 
pint, and a mortar and pestle. The bottom as well as the top 
or cover of the crucible should be perforated to give an up- 
ward current of air and allow the carbonic acid to escape. 
The stone to be tested is broken into pieces as nearly the 
same size as possible, not exceedingthree-fourths of an inch 
cube, and placed in the crucible. When more than one speci- 
men is to be tried, and a comparison between them made, 
there should be several crucibles. Access being had to an 
anthracite coal-fire in an open grate, or to any other steady 
fire, the crucibles are embedded m and covered with glowing 
coals, so that the top and bottom portions of their contents 
will attain simultaneously a bright-red heat, each crucible 
containing as nearly as possible the same quantity of stone. 
If there be only one crucible, two or three of the fragments 
are removed in forty-five minutes after the stone has 
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forming the arch upon which the mftsa of limeBtone reatB ; A, 
arched entr&iice communicating with the interior. 




It is nBually placed on the side of a hill, 60 that the top 
may be acceaaible for charging the kiln. 

Tlie largest pieces of the limestone to be bnmed are 
formed into an arch, e, c, c, and above this the kiln is filled 
hy throwing the stone in loosely from the top, the largest 
stones first and smaller ones afterwards, heaping them up, as 
shown in the figure. The fuel is supplied through the 
arched entrance, A. 

The circular aeems the most suitable form for the horizon- 
tal sections of a kiln, both for strengtli and for economy of 
heat. Were the section the same throughout, or the form of 
the interior of the kiln cylindrical, the strata of etone, above 
a certain point, would be very imperfectly burned when the 
lower strata were calcined just enough, owing to the rapidity 
with which the inflamed gases arising from the combustion 
are cooled by coming into contact with the stone. To pro- 
cure, therefore, a temperature which shall be nearly uniforni 
throughout the heated mass, the horizontal sections of the 
kiln sliould gradnally decrease from the point where the 
flame rises, which is near the top of the dome of broken 
stone, to the top of the kiln. This contraction of the hori- 
zontal Bection from the bottom upward ehonld Dot be made 
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too rapidly, as the draught would be thereby injured and the 
capacity of the kiln too much diminished ; and in no case 
should the area of the top opening be less than about one- 
fourth the area of the section taken near the top of the dome. 
The proportions between the height and mean horizontal sec- 
tion will depend on the texture of the stone, the size of the 
fragments into which it is broken for burning, and the 
greater or less ease with which it vitrifies. 

A better kiln tban the one shown in Fig. 2 will be obtained 
by giving an ovoidal shape to the interior, lining it with fire- 
brick, substituting for the arch of limestones a brick arch 
with openings to admit a free circulation of air, so as to 
secure the necessary draught, and ari-anging it with a fire- 
grate. 

The management of the burning is a matter of experience. 
For the first eight or ten hours the fire should be carefully 
regulated, in order to bring the stone gradually to a red heat. 
By applying a high heat at first, or by any sudden increase 
of it before the mass has reached a nearly uniform tempera- 
ture, the stone is apt to shiver, and to choke the kiln by stop- 
ping the voids between the courses of stone which form the 
dome. After the stone is brought to a red heat, the supply 
of fuel should be uniform until tlie end of the calcination. 
Complete calcination is generally indicated by the diminu- 
tion which gradually takes place in the mass, and which, at 
this stage, is about one-sixth of the primitive volume ; by 
the broken appearance of the stone which forms the dome, 
and by the intei*stices being choked up with fragments of 
the burnt stone; and by the ease with which an iron 
bar mny be forced down through the burnt stone in the 
kiln. When these indications of complete calcination are 
observed, the kiln should be closed for ten or twelve hours 
to confine the heat and finish the burning of the upper 
strata. 

The defects of the intermittent kilns are the great waste 
of fuel, and that the stone nearest the fire is liable to 
he injured by over-burning before the top portions are burnt 
enough. 

96. Perpetual Kilns. — Perpetual kilns are intended to 
remedy these defects, especially the waste of heat. A siinple 
form of a kiln of this class is shown in Figs. 3 and 4. The 
interior is an inverted frustum of a cone from five to five 
and a half feet in diameter at bottom, and nine or ten at 
top, and thirteen or fourteen high. It is arranged with 
three arched entrances, a, a, a, for drawing the lime, and they 
arc arranged with doors for regulating the di-aught. 



LDIE-KILN'S. 



Fig. 3 representfl a horizontal section made near the base, 
and Fig. i, a vertical section on A B, through the axis of 
the kiln. 





Fia. 8. Pro. 4. 

Theee kilna are arranged for burning by first placing a 
layer of light wood at the bottom, then a layer of coal, and 
then a layer of limestone. Layers of coal and limestone 
follow alternately until the kiln is filled. The lower layer is 
ignited, and as the burnt mass settles down, and the lime 
near the bottom is sufficiently burnt, tlie drawing com- 
mences. 

Wood is not as convenient a fuel rb coal for this kiln, the 
principal objections being the difficnlty of obtaining the 
pieces always the same size and of distributing it uniformly 
in the layers. 

The perpetual kiln is more economical than the intermit- 
tent in the use of fuel, but requires more skill and caution 
in its management. 

The perpetual kiln invented by Mr. C. T>. Page, of Roches- 
ter. N. Y., is extensively used in the western part of New 
York and in Maine. It is known as a perpetual flame 
or f\iTn8oe kiln, is arranged for eitiier wood or coal, anthra- 
cite or bituminons, and avoids the defects arising from mix- 
ing the fuel and stone together. 

The foregoing are types of the kilns jised for burning lime- 
stones, whether the product is to be common lime or hydrau- 
lic cement. The pei-petual kiln is generally used for burning 
limestone for cement. 

Figures 5 and 6 repi-esent vertical sections through the 
axis of the kiln and draw-pit of the ordinary perpetual 
kilns need in the United States for burning lime-stone for 
■ cement 

Fig. a represents tlie section of the kiln used in Maryland 
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ed into oommon lime, hydraulic lime, and hydra\ilio 
oement. 

COMMON LIME. 

99. Idme, common lime, air-lime, quiok-lime, oaustio 
lime (synouymouB terms) is a calcinm monoxide, produced 
whenever any variety of piii-e or nearly pure limestone is 
calcined with a heat of sufficient intensity and duration to 
exi)el the carbonic acid [carbon dioxide]. It is amorphous, 
ininsiblc, somewhat spongy, highly caustic, has a specific 
pi-avity of 2.3, and possesses great avidity for water. On 
being mixed with an equivalent of water, the water is rapidly 
absorbed with evolution of great heat ; the lime swells, bursts 
into pieces, and finally crumbles into a fine white powder, of 
which the volume is from two and a half to three and a half 
times that of its original bulk. In this condition the lime is 
said to be slaked and ready for use in making mortar. 

The limestones which fui-nish the lime of commerce are 
seldom pure, the impurities amounting sometimes to nearly 
ten per cent. The purer the limestone, the larger is the in- 
crease of volume or the growth of the lime in slaking, and 
the more unctuous to the sight and touch is the paste made 
therefrom. For this reason tlie limes made from the purer 
stones are often called fat or rich limes, as distinguished 
fix)m those known as poor or meagre limes, and which ai*e 
made from stones containing considerable impurity. 

The poor limes ai'e seldom reduced to an impalpable, ho- 
mogeneous powder by slaking, and are characterized by less 
growth. They yield a thin paste, and are principally used 
as fertilizers. If it be necessary to use them for building 
purposes, they should be reduced to a fine powder by grina- 
ing ; however, they should never be used ir it be possible to 
avoid so doing. 

HTDRAULIO LIMES. 

100. Tliese occupy an intermediate place between the com- 
mon limes and the hydraulic cements. They are obtained by 
calcining limestones in which the impurities, silica, alumina, 
magnesia, etc, range from ten to twenty per cent. When 
ten to twenty per cent, of impurity is chiefly clay, and is 
liomogeneously mixed with tJie carbonate of lime, the stones 
are known as argillaceous hydraulic limestones; and when 
this proportion of impurity is chiefly of silica, they are called 
silicious hydraulic limestones. 

4 
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Hydraulic lime, npon being mixed with water, slakes more 
riowly than the meagre limes, suffers a slight elevation of teni* 
j)erature accompanied by little or no vapor, and an increase 
of v()hm)e rarely exceeding one-third of its original bulk. A 
paste made from this lime after it has been ^slaked, hardens' 
ander water. 

It is not manufactured in the United States, nor is it known 
if there be in the United States any deposits of the argilla- 
ceous liydraulic limestones capable oi furnishing good hydrau- 
lic lime. 

Hydraulic lime, made from the argillaceous limestone, is 
manufactured in several localities in France, notably at Seilley,i 
about seventy miles fro'hn Paris. 

The best type of hydraulic lime from the silicious lime- 
stone is that known as the hydraulic lime of Teil, from the 
quarries of Teil on the Ehone, Department of Ard^che, France. 



HTDRAULIO CEMENT. 

101. If the limestone contain more than 20 per cent, and 
loss than 40 of the impurities before named, the product ob- 
tained by calcination is an hydraulic cement. 

Hydraulic cement will not slake, and a paste made from it 
with water will harden or set under water. The rapidity of 
setting and the degree of hardness will vary with the homo- 
geneous chai-acter of the stone, the proportions into which the 
clay and lime enter, and the intensity and duration of the 
burning. 

The eflFect of heat on lime-stones varies with the constituent 
elements of the stone. The pure limestones, and those in 
which the only impurity is not more than 22 per cent, of 
clay, will stand a high degree of temperature, losing their 
carbonic acid and water without fusing, while the others become 
more or less vitrified when the temperature much exceeds a 
red heat. 

102. There are two general classes of hydraulic cements, 
the slovr and the quick setting. 

If the limestone contain at least 20, and not more than 22 
per cent, of clay, and is burned at high heat, the product is a 
iieavy, slow-setting cement. 

If" there be from 27 to 30 per cent, of clay, and even as 
high as 35 in some cases, and* the burning be moderate, the 
result is a light, quick-setting cement. 

The stone that might, with proper burning, have yielded a 
glow-setting cement, wifi, if burned at a moderate heat, pro- 
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dnoe a light, qnick-setting cement The RoTnan cement, that 
of Vassy, and the hydraulic cements ordinarily made in the 
United States, are examples of the quick-setting class. 

The proportion existing between the impurities and the 
lime exercises a controlling influence on the properties of the 
bj'draulic cements, and, when the proportion ot lime is less 
than 40 per cent., the stone will, upon calcination, produce 
neither lime, hydraulic lime, nor hydraulic cement 

POZZUOLANAS. 

103. If clay be present in excess in the limestone, the prod- 
net obtained by calcination is kno\^n as oaloareous poz- 
ssuolana, and when there is 10 per cent, of lime or less, simply 
pozzuolana. 

Pozzuolana^ which gives the name to this class, is a kind 
of tufa, of volcanic origm, containing about 9 per cent, of lime, 
45 of silica, 15 of alumina, and the rest of other impurities, 
and is found near Home, in Italy. 

It was ofiginally discovered at the foot of Mount Vesuvius, 
near the village or Pozzuoli, whence its name. 

It sometimes exists in a coherent form, but noore frequently 
in powder of coarse, sharp, and angular grains, generally 
browii in color, running to reddish. If lime be added to 
supply the deficiency, hydraulic properties can be imparted 
to the mortar made from it. This fact has been known for 
eenturies, and Vitruvius and Pliny both speak of its high 
qualities and its use by the Romans in the marine construc- 
tions of their time. 

104. Artifioial Pozzuolanas. — They may be prepared by 
grinding well-burnt bricks to powder, or by burning brick- 
clay and grinding it 

Trass or Terras. 

105. This substance resembles pozzuolana, is used in the 
same manner, and possesses the same properties. It is used 
iu Holland, being principally obtained from Bonn and An- 
demach, on the Khine, below Coblentz. If any deposits exist 
in the United States, they are not known. 

MANUFACTURE OF COMMON LIME. 

106. Common lime is obtained, as already stated, by the cal- 
cination of limestones, in which there is less than ten per cent 
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of imparities ; the limestone is barat in kilnSi and in the 
manner already described. 



Manufaoture of Hydraulic Ldmes. 

.107. Hydraulic lime is not manufactured in the United 
States. 

In France it is manufactured by burning in a suitable 
kiln, at a heat sufficient to drive off the carbonic acid. While 
still warm from the kiln, the stone is sprinkled with from 15 
to 20 per cent, of its own weight of water, care being taken 
not to use enough to convert any portion of it into paste* 
The slaking soon begins, and the stone falls to pieces. The 
mass in then thrown together in large heaps, and left undis- 
turbed for six or eight days. It is then screened with sieves 
of 25 to 30 tine wires to the lineal inch. 

The portion which passes the screen is hydraulic lime. 



Manufkoture of Hydraulic Cements. 

108. The hydraulic cements produced at a low heat are 
light in weight and quick-setting, and the mortars and con- 
cretes made from them never attain the strength and hard- 
ness of those made from the heavy and slow-setting cements 
produced by burning with heat of great intensity anddui*atiou« 

Hydraulic GemenU from ArgiUaoeovs LimestoneB. 

109. Heavy, Slovr-setting Cements.— The best example 
of this class is the Portland cement, which is made from 
argillaceous limestones, containing from 20 to 22 per cent, 
of 6lay, or from an artificial mixture of carbonate of lime 
a^d clay in similar proportions. Nineteen-twentieths of all 
the Portland cement of tue present day is artificial. It is manu- 
factured extensively throughout Europe, either by the vret 
process, as in England, or the dry process, as in Germany* 



The Wet Prooess« 

110. The wet process, as practised by the works near 
London, is as follows : The carbonate of lime is furnished by tlie 



^ cracENTS. 'S8 

chalks, and the clay is from the shores of the Medway and 
Thames and adjoining marshes; both the chalk and clay are 
pi-aetically pure. 

First, The clay and chalk in the proper proportions, about 
one to three by weight, are mixed together m a circular wash- 
mill, so arranged as to thoroughly pulverize the chalk and 
convert the whole into a semi-fluid paste. 

Second. When the thorough mixture is eflFected, the liquid, 
resembling whitewash in appearance, is drawn oflF into reser- 
voirs, where ft is left to settle. The heavier material, or raw 
^^i^m^/i^, settles to the bottom, and then the surplus water which 
is clear is removed. Samples are taken from the reservoirs 
from time to time and tested. If aiiy error be discovered in 
the proportions, it is corrected. 

Third. When by evaporation the mixture has attained tlie 
consistency of hard butter or stiff clay, it is removed fmm the 
reservoii's to rooms artificially heated, and is spread out for 
further drying. 

Fourth, After it has dried sufficiently, it is burned in suit- 
able kilns at a white heat, just below the point of vitrif action. 

Fifth, The product is then gi-ound between ordinary mill- 
stones to a powder of the necessary fineness. It is then ready 
for use. 

The Dry Process. 

111. The dry process, as practised in Germany, is as fol- 
lows: The carbonate of lime and clay ^re first kiln-dried at the 
temperature of 212® Fahr., then mixed together in the propel 
proportions, between 20 and 23 per cent, of clay to between 
80 and 77 per cent, of the carbonate of lime, and reduced to 
a fine powder. This powder is then made into a stiff paste, 
and then into blocks about the size of bricks. These bricks 
are dried and then burnt at a high heat in a kiln, and then 
ground to powder as in the preceding case. 

112. It is an easy matter to pulverize the materials, either 
wet or dry, mix them, and then grind the burnt stone to a 
powder. The difficult part is the proper application and 
management of the heat in burning. The mysterious eon- 
version which takes place in the kiln under a heat of suffi- 
cient intensity to malce glass, is to some extent beyond our con- 
trol, and to a great extent beyond our knowledge. 

In whatever manner apparently homogeneous limestones 
may be exposed to burning at a high temperature, it is impos- 
sible to avoid the vitrifaction of some layers containing an 
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excoss of silii a,and to prevent others not having enough clay 
from producing cements having lime in excess. For this rea- 
son an artificial mixture of cla}' and carbonate of lime is gen- 
erally relied upon for Portland cement. 

The superior quality of Portland cement appears to depend 
greatly upon the presence of the double Gdlioate of lime and 
alumina, which is formed only at a high heat. 

If an argillaceous limestone does not contain at least 20 
or cent, of clay, the carbonate of lime is in excess, and the 
ligh heat necessary to produce a heavy, slow-setting cement 
failH to produce the semi-fusion which is the characteristic 
of Huch a cement. 

11 ;^. Light, Quick-Setting Cements. — If the limestone 
(M)ntain more than 23 per cent, of clay, as great as 30 per cent, 
and oxcoptionally as high as 35 per cent., and the calcinatiou 
bu kept below the point of vitrifaction, it will yield a light, 
(]uick-Hutting cement. The result appears to be silicate and 
aluminate of lime with uncombined clay, but more especially 
nillca, which, boinjy inert, adulterates and injures the cement. 

A cement of this kind sets quickly under water, but is far 
Interior to the Portland cement in hardness and linal strength. 
Thorns of Vassy, Grenoble, etc., in France, and the English 
and l«'iH)nch Roman cements made from nodules of septaria, 
to this class. 

rhiK kind of cement may be made artificially, and was 
miito (vxtcuHively used before the superior qualities of the 
Portland comont were known. 

ir the limoHtone contain more than 23 per cent, of clay ho- 
nH)gcntH)UHly distributed through the mass, and is burnt with 
a heat of groat intensity and duration, similar to that required 
to produce Portland cement, it generally fuses into a species 
of Hlug or glaiis, and is worthless as a cement. 

J/j/flruuliO* Cements from ArgiZlo-Magnesian Limestones. 

114. The natural hydraulic cements of the United States 
are made from the limestones whose principal ingredients 
are (iarbona^e of lime, carbonate of magnesia, and clay. 

Tlio usual process of manufacture is to break the stone into 
pIcjcoK not exceeding twelve or fifteen pounds in weight, and 
iMirn them in an ordinary kiln, either intermittent or perpet- 
ual, tlui latter being generally used when coal is the lueL 
Alter being burnt, the fragments are crushed by suitable 
nmchinery, and then reduced to a powder by grinding. The 
powder is then packed in barrels and sent to market 
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Those limestoneB cannot be burned with the intensity and 
duration of heat necessary to make Portland cement, without 
fusing into a slag destitute of hydraulic properties. Like 
those argillaceous limestones which have more than 23 per 
cent of clay, they will, if properly burned, produce a light, 
quick-setting cement, which is a idlioate and aluxninate of 
ilme and magnesia. 

The cements from the valley of Rondout Creek, Ulster 
County, N. Y., known as Kosendale cement; from near 
Shepherdstown, Va. ; Cumberland, Md. ; Louisville, Ky. ; 
Sandusky, Ohio ; Utica, 111. ; and other localities in the 
U. S., ai*e made from this stone, and belong to this class of 
cements. 

The Kosendale cement, which is the most valuable of them, 
will, under favorable circumstances, attain about one-third 
of the ultimate strength and hardness of the Portland ce- 
ment. 

JSydravUc Uementafrom Mizffnesian Limestones. 

115. Pure carbonate of magnesia, known as magnesttOi 
■when burned at a cherry-red heat, reduced to powder, and 
made in a paste, possesses hydmulic properties. If the pow- 
der be mixed in a paste with magnesium chloride — or, a very 
TOod substitute for it, bittern, the residue of sea-water after 
me salt has been separated by crystallization — a cement is 
made superior in sti*ength and hardness to any other known, 
not excepting even the Poi*tland. This calcined magnesite 
has been patented under the name of Union cement. 

The dolomites, or magnesian limestones, when burned at 
a low heat and reduced to a powder, will give a mortar with 
hydraulic properties ; and in general any magnesian lime- 
stone containing as high as 60 per cent, of carbonate of mag- 
nesia, if properly burned, wilt yield an hydraulic cement, 
whether clay be present or not. 



Scotfs Hydravlic Cement. 

116. This is a cement invented by Major Scott, of the 
Boyal Engineers, British Army, and is referred to, not for 
any marked advantages it possesses, but for the peculiarity 
of its mode of manufacture. 

The limestone is calcined in the usual manner, producing 
common lime. It is then, in layers of one and a half to two 
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feet thick, laid over the arches of a perforated oven, and 
brought to a dull glow. The fire is then raked out, and iron 
pots contaiuiug coarse, uiipurified sulphur (about fifteen 
pounds to each cubic yard of lime) are pushed in on the 
grate-bare, and the sulphur ignited. The oven is closed, so 
as to pi-event the escape of the sulphurous vapor. After the 
Bulnhur htis been consumed, the mass is allowed to cool, and 
is tnun ground to a powder Kke other cements. 

Why limo treateil in this manner should acquire hjdraolic 
properties is not fully known. 



TESTS FOB LDIES AND CEMENTS. 

117. The manufacture of limes and cements having become 
a hjhhmhI brunch of industry in the United .States andEurope, 
tho onginoor can ejisily obtain the kinds requii*ed for his pur- 
\\\m'^s and will miTly, if ever, be placed in a position requir- 
ing him to make them. lie will be more particularly cou- 
oormnl in knowing how to test the samples furnished him, so 
MM to [h^ ablo to make a judicious selection. 

Toat tbr Rosendale Cement. — Rosendale cement should 
U* gh»und tino onough so that 90 per cent, of it can pass a No. 30 
wbv i»iovo of thirtv-six wii'os to the lineal inch both ways; 
nhouM woigli not less than sixty-eight ix)unds to the struck 
butihoL loitHolv nu^asunnl ; and when made into a stiff paste 
without muui/und formed into bai*s, should, when seven days 
\A\\x HUMtaiUt without rupture, a tensile strain of sixty pounds 
to tho mpuuH^ inoii of ci^oes-section, tlie sample having been six 
duy« In wutot*. 

Twit Ibr Portland Cement. — Portland cement should pos- 
HOM* tho Mumo dogivo of fineness as just given ; should weigh 
otu> IuuuIihhI and nix (uMinds to the struck bushel, lo(»8ely meaa- 
\\\v\\ \ and tnidor tho Mimo conditions should sustain a tensile 
Mtrain of ono hundivd and seventy-eight pounds to the square 

inoh of OlHiHM MOOtiiUI. 

Tt)at Ibr other varieties.— Tho relative value of other 
variotioii of oomonts can Ih) determined by subjecting them 
to similar tonti* and comparing tho results. 

Wirt* Tt>»t. — Tho yfim test was formerly used to determine 
tho hvili^attlio aotivity of samples. It is as follows: The paste 
Im nuuio itito oakoH of i>ne and a quarter inches in diameter 
and tlvo oighthtt t^f an inch thick, and is immersed in water of 
an owlublinYuul tomnomture (65** F.); the tunes are then noted 
vt\\M\ HIV ruqui)t)d before the cakes will support, without de- 
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1)re8Bi(»D, the point of a wire one-twelfth of an inch in diameter 
aad^ to weigh one-quarter of a pound, and of another wire 
one^tweiitv-fourth of an inch in diameter weighing one 
pound. 1?hiB test is still used to some extent, especially by 
the French. 

ThjB wii*e test, when applied to cement pastes without sand, 
does not give a correct indication of the values of their hy- 
draulic properties. 

STOBAOE OF T.IMES AND CEMENTS. 

118. Hydraulic limes and cements deteriorate by exposure 
to the air. If liable to be, kept on hand for several months, 
they Bhould be stored in a tight building free from draughts 
of air, and the casks should be raised several inches above the 
floor, if stone or earthen. 

Cements, that have been injured by age or exposure, may 
have their original energy I'estored by recalcinati<»n. Samples 
have been restored by being submitted to a red heat of one 
henr's duration. 

Common lime, for the same reasons, should be preserved in 
tight vessels. It is usually sent to market in barrels, and is re- 
duced to powder by slaking. The fineness of the powder, its 
frowth, the phenomena or slaking, and the degree of unc- 
tuouaness of the paste made with water, are the tests for good 
lime. 



MORTAR. 

119. Caloareous Mortar, ready for use, is a mixture, in a 
plastic condition, of lime, sand, and water. It is used to bind 
together the solid materials in masonry constructions, and to 
^<^nn coatings for the exterior surfaces of the walls and inte- 
"or of bnildines. 

It may be oivided into two principal classes — oommon 
inortar when made of common lime, and hydraulic mortar 
^lien hydraulic lime or cement is used. 

When mortar is thin-tempered or in a fluid state, it is 
blown as grout. 

Bardened Mortar is simply an artificial stone, and should 
'^*lfil the essential conditions already given for stone — viz., 
should possess strength^ hardness^ ema durability. These 
qnalities vary with the quality of the lime or cement 
employed, the kind and quantity of sand, the method and 
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degree of manipulation, and the position, with respect 
moisture or dryness, in which the mortar is subsequent!]^ 
placed. 

Common mortar will harden only partially in damp places 
excluded from free circulation of air, and not at all undei^ 
water. These places are, on the contrary, favorable to the in- 
duration of hydraulic mortars. 



Slaked Liine. 

120. Before the lime is mixed with sand to form mortar, it 
must first be slaked. 

The methods of slaking lime are classed under three heads: 
1, drowning ; 2, immersion ; and 3, spontaneous or air slak- 

The first is to throw on the lumps of lime, just as they 
come from the kiln, enough water to reduce them to paste. 
The workmen are apt to throw on more water than is required; 
hence the name. 

The second is to break the lumps of lime into pieces not 
exceeding an inch through, then to place them in a basket or 
other contrivance, and to immerse tliem in water for a few 
seconds, withdrawing them beforothecommencement of ebul- 
lition. A modification of this method is to form heaps of the 
proper size of these broken lumps, and then to sprinkle a cer- 
tain 'quantity of water upon the lime, the amount of water 
being from one-fourth to one-third the volume of the lime, the 
rose of a watering-pot being used in sprinkling. 

The third is to allow the lime to slake spontaneously by 
absorbing moisture from the surrounding atmosphere. 

The first method is the one most generally used in the 
United States. 

The lumps of lime are collected together in a layer from 
six to eight inches deep, in a water-tight box, or a basin of 
sand coated over with lime-paste to make it hold water, and 
then the amount of water sufficient to reduce the lime to a 
paste is poured over them. This amount of water is approxi- 
mately determined by a trial of a small quantity of lime bo- 
forehand. It is impoi-tant that all the water necessary should 
be added at the beginning. After an interval of five or ten min- 
utes the water becomes heated to the boiling-point, and all 
the phenomena of slaking follow. 

The workmen are apt to use too much water in the begin- 
ning, or, not using enough, to add moi*e when the slaking is 
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ill progress. In the first case the resulting paste will be too 
thin, and in the latter the checking of the slaking will make 
the product lumpy. 

As soon as the water is poured on the lime, it is recommend- 
ed to cover the mass with canvas or boards, or witli a layer of 
sand of uniform thickness after the slaking is well under way. 
Another recommendation is, that the lime oe not stirred while 
slaking. 

Writers disagree as to the relative values of tliese three meth- 
ods of slaking lime. Supposing that in the first process all 
the water required to produce a stiff paate^ and no more than, 
this^ is poured on at the beginning^ these modes may be ar- 
ranged m their order of superiority, as follows : 

lor fat limes: 1, drowning, or the ordinary method; 2, 
spontaneous slaking ; and, 3, immersion. For hydraulic limes : 
1, ordinary method; 2, immersion; and, 3, spontaneous 
slaking. 

In the matter of cost, the first mode has a decided advan- 
tage over the others. The second is not only expensive from 
the labor required, but difficult from the uncertainty of the 
period of immersion at the hands of the workmen. The 
third involves the expense of storage-rooms or sheds and time, 
a period from twenty days to even a year being necessary to 
complete the slaking. 



Preservation of the Liine after leing Slaked. 

121. The paste obtained by the first mode may be pre- 
served any length of time it kept from contact with the 
air. It is usual to put it in tight casks, or in reservoirs ; to 
put it in trenches and cover it with sand will be suflBcient for 
Its preservation. 

The powder, from the second and third modes, may be pre- 
served lor some time, by placing it in casks or bins with cov- 
ers, or in dry sheds in heaps, covered over with cloth or dry 
sand. 

General Treussart thought that lime should be used imme- 
diately after it was slaked. In this country such is the ordi- 
nary practice. The general opinion of engineers is however 
adverse to this practice, and m some parts of Europe it is 
the custom to slake the lime the season before it is used. 
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because they are whiter and have a finer and more uniform 
grain than pit-sand. 

The sand used in common mortar should be clean, sharp, 
and neither too coarse nor too fine. 

Its cleanliness may be known by its not soiling the finders 
when rubbed between them ; and its sliarpness can be told by 
filling the hand and closing it firmly, listening to the sounds 
made by the particles when rubbed against each other. 

Dirty sand, as well as sea sand, should before using be 
washed, to free it from impurities. 

Sand entere mortar as a mechanical mixture, and is used to 
save expense by lessening the quantity of lime, to increase 
the resistance of the mortar to crushing, and to lessen the 
amount of shrinking during the drying of the mortar. 

It injures the tenacity of mortar, ana if too much be used 
the mortar will crumble when dry. 



PROPORTIONS OF INGREDIENTS. 

• 123. The quantity or proportion of sand to the lime varies 
with the quality of the lime and the uses to be made of the 
mortar. 

Vicat gives for common mortar the proportion of 2.4 parts 
of sand to one of pure slaked lime in paste, by measure. 

The practice of the United States Corps of Engineei's in 
making hydraulic mortars has been to ada from 2.5 to 3.5 in 
bulk of compact sand to one of lime and cement, or cement 
alone, in thick paste. 



THE METHOD AND DEGREE OP MANIPtJLATION, 

124. The ingredients of mortar are incorporated either by 
manual labor or by machinery: the latter method gives re* 
suits superior to the former. The machines used for mixing 
mortar are the ordinary pug-mill (Fig. 7), like those employed 
by brickmakers for tempering clay, thegrinding-mill (Fig. 8), 
or mill of any other pattern suitable for the work. The grind- 
ing-mill is a better machine for this purpose than the pug-mill, 
because it not only reduces the lumps found in tlie most care- 
fully-burnt stone after the slaking is apparently complete, but 
it brings the lime to the state of a uniform stiff paste, in 
which condition it should be before the sand is incorporated 
with it. 
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A, a heavy wheel of timber o^ 
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Bribed in GiUmore's "Treatise on Limes, -Cements, and 
Mortars." 

125. Process of making Mortar with the Mill. — The 

lime-paste is first put in the circular trough, and to this is 
added by measurement about one-half of the sand required 
for the batch. The mill is set in motion, and the ingredi- 
ents thoroughly incorporated. The remainder of the sand is 
then added, and as much water as may be necessary to bring 
the mass to the proper consistency. 

If common mortar is to be rendered hydraulic by adding 
hydraulic cement, the latter should be added to the lime-paste 
just before the mill is set in motion ; a very quick-setting 
cement should not be added until the last portions of sand ere 
thrown in. 

126. Prooess by Hand. — The measure of sand required 
for the batch is ])laced on the floor and formed into a basin, 
in which the unslaked lime is placed, the lumps being broken 
to the proper size. The necessary quantity of water is |)Oured 
on by a hose, watering-pots, or ordinary buckets, and the lime 
Btirred as long as vapor is evolved. The ingredients are well 
mixed together with the shovel and hoe, a little water being 
Jwided occasionally if the mass be too stiff. It is customary 
then to heap the mortar compactly together, and allow it to 
remain until ready for use. 

The rale in mixing mortar, either by machinery or hand, 
tt to see that the lime amd sand he thoroughly incorporated. 



SETTINO OF MOBTABS. 

127. A mortar has set when it has become so hard that its 
form cannot be altered without fracture. The set is deter- 
mined by the wire test. If the mortar supports the point of 
the wire without depression or penetration, it is assumed that 
"^® niortar has set. 

Theory of Setting of Mortars. 

128. Common mortar slowly hardens in the air, from the 
'nrface towards the interior, by drying and by the absorption 
^ carbonic acid. The process is slow, but in time, under 
^vorable circumstances, a hard material is produced. The 
wbonic acid, absorbed by the mortar, combines with the 
hnae, forming a carbonate with an excess of base, and the 
"Wdening is due to this reaction and to pressure. 
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HARDNESS, STRENGTH, AND DURABILITY OF MORTARS. 

130. The same general rules for determining: these qualities 
in stone are applicable in mortars, and, as with stone, experi- 
ence is the best test. 

The principal causes of deterioration and decomposition of 
rnortars are : 

1. Changes of temperature, producing expansions and con- 
t:ractions. 

2. Alternations of freezing and thawing, producing ex- 
ifoliations and disintegrations of the parts exposed to their 
influence. 

Common mortars, which have had time to harden, resist 
the action of severe frosts very well, if they are made rather 
jx>o?\ or with an excess of sand. The proportions should 
oe 2^ volumes, or over, of sand to one of the lime in paste. 

Hydraulic mortars set equally well in damp situations and 
in the open air ; and those which have hardened in the air 
will retain their hardness if afterwards immersed in water. 
They also resist well the action of frost, if they have had time 
to set before exposure to it ; but, like common mortars, thev 
require to be made with an excess of sand to withstand well 
atmospheric changes. 

To ascertain the strength and compare the qualities of 
different mortars, experiments have been made upon the 
resistance offered by tnem to cross-strains. 

The usual method has been to place small rectangular 
prisms of mortar, upon points of support at their extremities, 
and subject them to a cross-strain by applying a pressure at 
a point midway between the bearings. 

131. Experiments made upon prisms a vear old, which had 
been exposed to the ordinary changes of weather, gave the 
following as the aven^ resistances per square inch offered 
by mortars to a force or tension ; the deductions Ijeing drawn 
from experiments on the resistance to a transverse strain : 

Mortars of very strong hydraulic lime 170 pounds. 

'' ordinary '' *^ .... 140 '' 

'' medium '' ''.... 100 '' 

*' common lime 40 ** 

'' '' (bad quality)..., 20 '' 

General Totten, late Chief of Engineere TL S. Army, from 
his experiments on mortars, deduced the following general 
results: 

5 
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diy enough, the brown coat is applied. This differs from the 
fii"st in containing less hair in the mixture. This is followed 
by the third coat, which is hard finish for the inside, or 
stucco for the outtiide. The former is a paste of fine lime 
and plaster of Paris ; the latter is a paste of fine lime made 
stiff with white sand. 

If the outer plastering is to be exposed to the weather, it 
should be made of hydraulic mortar. 

SffASTIOa 

133. Mastio is the term generally applied to a mixture of 
powdered limestone, or similar material, with artificial or nat- 
ural combinations of bituminous or resinous substances. 

It is used as a cement for other materials, or as a coating 
to render them water-proof. 

The term asphalt is sometimes employed to designate the 
bituminous limestone, more genemlly the mastic after it has 
been moulded into blocks for transportation, frequently to 
the product obtained by mixing sand with the mastic, and by 
some to the i-aw bitumen or mineral tar. Callirg the first 
asphalt, the second would be asphaltio mastio, the third 
asphaltio concrete, and the fourth asphaltuxn. 

Bitmninous Mastic. 

134. Bituniinous mastic is prepared by heating the min- 
eral pitch or asphaltum in a large caldron or iron pot, and 
stirring in the proper proportion of the powdered limestone. 
This operation, although very simple in its kind, requires 
great attention and SKill on the part of the workmen in 
managing the fire, as the mastic may be injured by too low 
or too high a degree of heat. The best plan appears to be to 
apply a brisk fire until the boiling liquid commences to give 
out a thin, whitish vapor. The fire is then nicxierated and 
kept at a uniform state, and the powdered stone is gradually 
added, and mixed in with the tar by stirring the two well 
together. If the temperature should be i-aised too high, the 
heated mass eives out a yellowish or brownish vapor, in this 
state it should be stirred rapidly, and be removed at once 
from the fire. 

When the mixing is completed, the liquid mass is run into 
moulds, where it hardens into blocks of convenient shape and 
siae. 
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The stone above used is a carbonate of lime naturally i 

fregnated with bitumen, called sometimes Seyssel aspha-"^ 
roiii the place where it was quarried. The proportion. ^^ 
bitumen in the Seyssel stone is oftentimes as much as 17 
cent., and the amalgamation is more perfect than that of 
artificial compound of the kind yet invented. To prepar 
for the operation just described, the stone raav be reduceci 
powder, either by roasting it in vessels over a hre, or by gri " 
mg it down in the ordinary mortar-mill. To be roasted, 
stone is first reduced to f i-agments the size of an egg. Th 
fragments are put into an iron vessel, heat is applied, and 
stone is reduced to powder by stirring it and breaking it 
with an iron instrument. This process is not only less e 
nomical than grinding, but the material loses a portion of t^ 
bitumen from evaporation, besides being liable to injury frc^' 
too great a degree of heat. If to be around, the stone is fir' 
broken as for roasting. Care should be taken, during tl 
process, to stir the mass frequently, otherwise it may cake. 
To use the mastic, the blocks are reraelted, and the mixtu 
in this state or mixed with sand, is laid on the surface to 
coated by pouring it on, generally in squares, care being take 
to form a perfect union between edges, and to rub tne sur* 
face smooth with an ordinary wooden float, especially if sx%^ 
other layer is to be laid over the fii*st. 

135. Proportions. — The proportions for bituminous mastic? 
are about 1 part of asphaltum to 7 or 8 by measure of th0 

f)owdered limestone, according as the stone contains more of 
ess bitumen. 

Any petroleum or naphtha present in the stone must be 
removed ; this is generally done by distillation. Clay in the 
limestone injures the mastic, and is oftentimes the cause of 
the cracks seen in asphaltic concrete after it has been laid. 

Artificial Mastics. 

136. Artificial Mastics have been formed by mixing coal- 
tar, vegetable tar, pitch, etc., with powdered limestone, pow- 
dered brick, litharge, etc.; but these mixtures are inferior to 
the bituminous mastic. 

The impurities and volatile ingredients of coal-tar, mineral 
tar, and similar substances, render them less durable than 
mineral pitch, and the combinations made with them are in- 
ferior to those made with the latter, as might be expected. 
But, tor certain purposes, the artificial mastics are extremely 
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. ^efnl, as thev are quite cheap and possess in a measure the 
•d vantages oi bituminous mastic. 



USES OF MASTICS. 

137. The combinations of asphaltum were well known to 
^lie ancients, and a cement maue of it is said to have been 
^inployed in the construction of the walls of Babylon. 

The principal uses of mastic at the present day are for 
leaving street^?, sidewalks, floora, cellars, etc., and for forming 
^%vater-tight coatings for cisterns, cappings of arches, terraces, 
c^nd other similar roofings. 

It has quite an extensive use in Europe at the present time. 
The principal sources of the asphalt are the Jui-assic range in 
tlie Val de Travers, Pyrimont, Seyssel on the Rhone, and the 
xxeiKhboring localities, and Bechelbronn (or Lobsan), in Alsace. 

Asphaltum alone has been frequently used for coatings, but 
ill time it becomes dry and peels off. But made into mastic, 
rvaporation is prevented and its durability increased. 

The nse of tne mastic, for making asphaltic concrete, has 
klready been described. 



CHAPTER V. 
PRESERVATIVES. 

PAINTS. 

138. Paints are mixtures of fixed and volatile oils, chiefly 
those of linseed and turpentine, with certain of the metallic 
Baits and oxides, and witn other substances ; the latter are used 
either as pigments or stainere, or to give what is termed a body 
to the pamt, and also to improve its drying properties. 

Paints are mainly used, as protective agents, to secure wood 
and metals from the destructive action of air and water. As 
they possess only a limited degree of durability, they must be 
renewed from time to time. They are more durable in air 
tkan in water. 

The principal materials used in painting are : Red and 
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white lead, red and yellovtr oohre, prussian blue, verdi- 
gris, laxnp-blaok, litharge, linseed-oil, and spirits of tur- 
pentine. 

By suitablv combining the above, almost any color may be 
obtained. For example, a lead color is obtained by mixing a 
little lamp-black with the white lead, etc. 

Linseed-oil, bein^ boiled with the addition of a small quan- 
tity of litharge and sugar-of-lead, forms what is known as 
drying oil. 

Spirits of turpentine is not generally used in the paints 
intended for external and finishing coats, as it does not stand 
exposure as well as oil. 

139. In painting wood, the first thing to be done is to clean 
and smooth the surface to be covered. If the wood be resin- 
ous the knots must be kiU4id before the paint is applied ; this 
is done by applying a coat of red lead mixed with sizing. 
The surface being dry, the first coat, generally white lead 
mixed with linseed oil, is put on ; this is called priming. 
This coat being dry, all holes, indentations, heads of nails, 
etc., should be filled and covered over with putty. The 
second coat of paint is then applied. If it be old work that 
is to be repainted, the entire surface should be scrubbed with 
soap and water, well scraped, and then rubbed down with 
sand-paper or pumice, in order to get rid of the old paint 
and to obtain an even, smooth surface. 



JAPANNING. 

140. Japanning is the name given to the process which 
forms over the surface of the material to be covered, a hard, 
smooth, varnish-like coating. [Art. 80.] 

OILING. , 

141. Oiling is frequently used as a preservative. It may 
be done either while the surface to be protected is hot or cold. 
Linseed-oil is the material generally used. 



VAKNISHES. 

142. Varnishes are made by dissolving resinous substances 
in alcohol, or in linseed-oil and spirits of turpentine, just as 
paints are made by similarly dissolving or mixing pigments. 
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Varnishes are used for the same purposes as paints, when it 
is desired to give a clear, shining appearance to the surface 
on which they are laid. 



OOAL-TAE. 

143. Coal-tar is much used as a preservative. It may be 
applied as a coating for the material, or it may be applied by 
^e process known as " creosoting.'' [Art. 25.] 

ASPHALTUM. 

144. Asphaltum is used for the same purposes. Its uses 
■^ described in Art. 137. 



METAL OOVERmaS. 

145. Plating. — Protection is frequently afforded by cover- 
^^^ the material with a thin coating of a metal which is not 
^Sected, or to a very slight degree, by the destructive agencies 
*" ' be guarded against. 

Zinc applied to iron, by the process of " galvanizing," pro- 

cts iron from direct action of the air and moisture as long 

the coating is i)erfect. [Art. 82.] 

Tin is used for the same purpose. 

Nickel has been tried for brass. 



OTHER PRESERVATIVES — ^BY CHEMICAL COMBINATIONS. 

146. Salts of Silica have been tried for protection of 
building sloncs. [Art. 35.] 

Various salts have been used to saturate timber, thus 
changing the albuminous substances in the timber into insol- 
uble compounds by chemical action, and thus increasing its 
durability. [Art. 25.] 
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PART II. 



STRENGTH OF MATERIALS. 



CHAPTER VI. 
STRAINS. 

147. The materials in a structure are subjected to the 
action of various forces, according to the kind of construction 
of which they form a part, and the position they occupy in it 

In planning a structure, two general problems are to be 
considei-ed. 

I. The nature and magnitude of the forces which are to 
act on it ; and, 

II. The proper distribution and size of its various parts, so 
tliat they shall successfully resist the action of these ferces. 

In the former, if the intensities, directions, and points of 
application be known, the effect that the forces will exert 
may be determined. 

In the latter, it is necessary to have a knowledge of the 
strength of the materials to be used in the structure. 

148. Strength depends uoon the internal organization of 
a body, and a material is said to have the requisite strength — 
to be strong enough — when, by reason of certain inherent 
physical properties, it possesses the ability to resist the action 
of an external force within limits. 

All materials have not equal strength, nor does the same 
material resist equally the same force, when a change is 
made in its direction or point of application. 

The degi-ee of sti-engtli that a material possesses is deter- 
mined by experience or experiment. 

As it IS not always practicable nor expedient to submit to 
the test of an actual experiment the piece to be used in a 
structure, its assumed degree of strength is obtained either 
by subjecting a piece of the same material, having the same 
dimensions, to conditions similar to those to which the for- 
mer is to be submitted ; or knowing the relations between 
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the strengths of pieces of the same material of different di- 
mensions, by deducing it. These relations are obtained from 
mathematical principles, and are confirmed by experience. 

Id deducing them, every solid is supposed to be formed 
of molecules, which are infinitely small and infinitely close to 
ea.c5li other, grouped together by certain laws. Each mole- 
cule is supposed to be so i-elated to those surrounding it, 
that its position cannot be changed except by the application 
of QD extraneous force. 

I f any extraneous forces act at different points of a solid 
^l^ich is not allowed to move from its place, the equilibrium 
of the internal forces acting between the molecules will bo 
disturbed. 

This disturbance will cause variations in the distances be- 
tw-^eu the molecules, and in the directions and intensities of 
"^ti internal forces that bind them together. 

I?y these variations an equilibrium between the impressed 
^*~^cl internal forces is effected, and an alteration of the form 
^^ the solid is caused. These alterations of form are called 



^ 349. The word strain is applied indifferently to denote 
^^tiler the sj^stem of forces acting on the solid to alter its 
^^^^rm, or to the alteration of form produced by it. 

The word stress is frequently used to denote the system 
^^ forces acting on the solid ; limiting the term strain to 
^^^« alteration or form caused by them. 

Stress will be so used in this subject to denote the force 
^^ system of forces acting to produce a strain. 



OI.A8SIFIOATION OF STRAINS. 

150. The different pieces of which a frame or structure is 
composed are ordinamy similar in shape to right prisms, and 
have generally a plane of symmetry in which are applied 
the extraneous forces whose actions they are intended to re- 
sist. These pieces may be considered as formed of an infi- 
nite number of fibres, each of which may be regarded as a 
right prism, having an infinitely small area for its base, and 
its edges parallel to those of the prism. 

If one of these pieces be intersected by an infinite number 
of planes, each perpendicular to its edges, these planes will 
divide the fibres into infinitely small solids, each of w^hich 
may be considered as the element of a fibre ; and if these 
elementary solids, or fibres, be referred, in the usual manner, 
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to three rectangular axes, two of which, as Z, and Y, are con- 
tained in a plane perpendicular to the edges of the prism, 
and the third, X, is parallel to them; then the area of the 
base of any elementary fibre will be expressed hj dzx dy, 
and its length by dx. 

In considering the elementary fibres contained between 
any two of these consecutive planes, it will be seen that, 
although the relative positions or the planes may be varied in 
many ways, they admit of four simple relative movements, 
which, either singly or combined, will, in the elementary 
fibres between them, produce all the varieties of chan^ of 
form arising from these changes of positions, and will illus- 
trate all the strains to which the piece may be exposed. 

For example, let (Fig. 9) represent the longitudinal sec- 
tion, and (Fig. 10) the cross-section of any piece, and A B, and 
C D, two of the consecutive planes in question. 



A c € 





— r 



Fig. 9. 



Fio. 10. 



The four movements will be as follows : 

1st. The plane, C D, may be kept parallel to A B, and moved 
either from or towards it. In the former case, the elementary 
fibres between the planes will be lengthened, and, in die lat- 
ter, shortened ; and the strains to which they are subjected 
will arise from a force of extension in tlie first case, aud of 
compression in the second, acting parallel to the fibres. 

2d. The plane, C D, may take the position, C' D', by tnm- 
ing around some line, 0, in it as an axis, in which case the 
elementary fibres on one side of this axis, in conforming to 
the new position of C D, will be deflected and lengthened, 
undergoing a strain of tension ; w^hilst those on the opposite 
side will be deflected and shortened, undergoing a strain of 
compression ; and those, as 0', in the plane of the axis of 
the prism and of the axis of rotation, will be simply de- 
flected, without any change in their original lengtn; the 
plane, C D, in its new position C D', continuing nonnal to all 
the elementary fibres in their new position of defiection. 

The strains in this case will arise from a force acting trans- 
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'l D 



STRAINS. 75 

versely to the piece, tending to bend it. This force produces 
transverse or cross strain. 

3d. The plane, C D (Fig. 11), may receive a motion of 
translation in the direction C D, parallel 
to A B; in which any elementary fibre, 
3S ahy will take a new position, as a V, 
oblique to its original position. 

The strains in this case will arise from 
a force acting transversely, tending to Fig. 11. 

force one pat t of tlie solid over an adjacent part, similar to 
the action seen in a pair of shears. This force produces a 
transvei-se shearing strain. 

4th. Or the plane C D may receive a motion of rotation 
around some axis perpendicular to it, in which case the base 
h of any elementary hbre, as a b, in the plane C D (Fig. 11), 
will take a new position, describing around the axis oi rota- 
tion a small arc in the plane C D. 

The. strains in this case will arise from a force of torsion. 

The resulting strains upon an elementary fibre, arising from 
the simultaneous action of two or more of these forces, may 
be explained by combining two or more of the movements 
of the consecutive planes, as just described. 

These changes ot positions of the planes are due to ex- 
traneous forces whose action is resisted by the molecular 
forces brought into play by the strains on the fibres of the 
piece. 

These actions and reactions give rise to several problems 
which, aided by experiment, may be solved by mathematics, 
and whose application is found in deducing the resistances 
ofFered by the solid parts of structures to the forces to which 
they are subjected. 

151. Weights, either permanently or temporarily applied, 
are the forces which ordinarily act upon the difl^erent i)arts 
of structures. The strains, caused by tlieiu, to which build- 
ing materials may be exposed, are : — 

L Compression; as in the case of a weight, resting on the 
top of a pillar or post, tending to compress the fibres. 

IL Tension ; as in the case of a weight, suspended from 
one end of a rod, rope, chain, etc., the other end being fixed, 
tending to stretch or lengthen the fibres. 

III. Transverse or Cross Strain ; as in the case of the 
load on the timbers of floors and on beams generally, tending 
to bend them. 

rV. Shearing Strain; as in the case of rivets of iron 
plates, pins in bridges, etc., where equal forces are applied 
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on opposite sides in such a manner as to tend to force one 
part over the adjacent one. 

V. Torsion; a twisting strain of rare occurrence in build- 
ing, but common in machinery. 

152. The effect of the straining forces is : 

Ist. Within certain limits to produce only an alteration of 
form, and 

2d. If sufficiently great, to produce rupture or separa* 
Uon of the pai-ts. 

The resistances offered to these are due to the properties of 
elasticity and cohesion in the solid. 

Elasticity is the property by which a body offers a resist- 
ance to change of figure, and tends to resume its form when 
the extraneous force producing the strain is removed. If the 
recovery of form is perfect, the body is said to be perfectly 
elastic. 

Cohesion is the property which binds the particles together 
into one mass, and opposes their separation by any extraneous 
force. 

Many experiments have been made, both in this and foreign 
countries, to determine the limits of tliese properties for tne 
ordinary building materials. 

The Knowledge of the capacity of the different parts of a 
structure to sustain the permanent and temporary loads which 
it may have to bear, is essential to the engineer, and the object 
of the division, known as " Strknoth '' or " Resistance of 
Materials,^' is to obtain this information. 



CONSTANTS. 

153. In the solution of the problems that follow, and in 
their applications to determining the strength of building 
materials, certain constants are mvolved which depend fur 
their value on the physical properties of the material under 
consideration. 

There are four principal ones : 

I. The weight, or specific gravity of the body ; 

II. The Umit of elasticity; 

III. The coefficient of elasticity , 

IV. The modulus of rupture. 

These constants have been or are to be determined for each 
material by actual experiment. 
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The Weight. 

154. This must be known, as it enters as an element in all 
constructions ; and to such an extent in some, as in masonry, 
for example, that the moving or temporary loads to be bonie 
may be disregarded, or considered as insignificant, in com- 
parison with the weight of the structure itself. 



Limit of Elasticity. 

155. Different materials possess the property of elasticity 
in different degrees. In some the elasticity is very great, in 
others very little. 

If the applied forces producing a strain in a body be 
removed, and the body does not regiiin its former shape, 
there will be a permanent alteration in form, termed a set. 
To have produced this, the strain must have passed beyond 
the limit of elasticity. 

The limit of elasticity may be taken to be the greatest force 
which can be applied to a material without producing a set. 

It is claimed that there will always be a set whenever an 
extraneous force, however small, is applied. Sets of this 
kind are microscopically small, and no practical error is made 
in assuming that tliey do not exist, that the material resumes 
its original shape. 

From a great number of experiments, made on a great 
variety of materials, it has been round that practically, 

Ist. All bodies are elastic. 

2d, Within very small limits they may be considered as 
perfectly elastic. 

3d. Within the elastic limit the amount of displacement is 
directly proportional to the force that produces it. 

4th. Within a considera'ble distance beyond the elastic limit 
the amount of displacement is not exactly but nearly propor- 
tional to the force producing it. 

To determine experimentally the limit of elasticity of a given 
material for a strain of tension — as, for example, a rod or bar 
having one extremity fixed and the other acted on by a force 
to lengthen it, as by a weight suspended from one end — it 
would be necessary to note the different changes in the 
length of the bar made by successive applications and 
removals of weights, increasing them gradually and contin- 
ually, until one is obtained which produces a set. The one 
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nsed just before thiSjWonld express the limit for that particn- 
lar bar. "^ 

Its value thus obtained would depend upon the care taken 
in making the experiment and upon the accuracy of the 
measnreinents. 

This limit seems to be affected by the length of time allowed 
in making the experiment; the limit being less when the 
weights are allowed to remain for a h^ng time than when 
they remain only for short periods. 

'fho strains to which each piece in the structure is subjected 
must be within the limit of elasticity, or a permanent altera- 
tion of form results. 

Experience and experiment have fixed a certain limit 
allowable in practice for each kind of material. This limit 
of practice may by some sudden or unforeseen cause be 
passed ; but provided the limit of elasticity be not passed, 
no bad results will follow. This difference between the limit 
of elasticity and that of practice may be regarded as the 
measure of safety of the structure. 

The determination of the limit of elasticity is a matter of 
great nicety ; hence experimenters have paid more attention 
to determining the ultimate strength ot materials, that is, 
to finding the limits beyond which any additional load wiU 
break the material. 



Coefficient of Elasticity. 

156. If a bar, of homogeneous material and priBmflti c f orm, 
is fixed at one end, and is acted upon by an external force, 
whose direction coincides with the axis of the bar, the bar 
will be either elongated or compressed, depending upon 
whether the force acts from or towards the fixed end. 

Represent by 

W, the force acting on the bar,' 

L, the length of the bar, 

A, the area of its cross section, 

i, the corresponding elongation or contraction of the bar 

produced by the force, W, 

W 
Then — will be the force acting on the unit of cross section. 

Within the limits of elasticity, the elongation or contrac- 
tion of the bar varies directly with the force applied. 

Assume this law to l)e true for all values or the changes 
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fe length of tlie bar produced by forces acting as jnst 

W 
vtated. Then, since -j- ^^ equal to the force on the unit of 

cross section producing an elongation equal to I, it is evident 
that the force necessary to produce an elongation equal to L 

must be -^ as great, or —^ x -^ will be the force acting on 

the unit of cross section necessary to produce an elongation of 
the bar equal to L. 
Denoting this force by E, we have 

E^x-^ a.) 

This force is called the ooeffioient of elasticity. Some- 
Hnnes the term modulus of elasticity is applied to it 

It is a theoretical force ; but as the law upon which it de- 
pends is practically true within the limits of elasticity, know- 
ing W, A, and L, and determining I by measurement, the 
^^ue that E would have, if the law were true, can be found. 

Its value is constant for the same material, and depends upon 
the nature of the material. Experiments have been made, and 
the following are some of the values of the coefficients of 
elasticity for various materials: — 

MftteriaL Value of E. 

Cast Iron 18,400,000 lbs. 

Wrought Iron 24,000,000 " 

Lead (cast) 720,000 " 

Steel 29,000,000 " 

Tin (cast) 4,608,000 " 

Zinc (cast) 13,680,000 « 

Ash 1,644,800 " 

Fir 2,191,200 " 

Pine, pitch 1,225,600 " 

" yellow 1,600,000 « 

Oak 1,451,200 

Marble. 2,520,000 

Limestone (common) 1,533,000 



a 

u 



Modulus of Rupture. 

157. If the forces applied to a body be continually increased, 
they at length produce rupture, or such a disfigurement aa 
to render the body useless. 
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Many experiments have been made on almost every ki 
of bnifding material to determine this constant for each cl 
and each particular kind. 

In the case of the experiment with the bar strained hj 
weight suspended from one extremity, if these weights 
increased gradually and indefinitely, the elongation won 
become more apparent and finally separation or the particl 
would take place. The last weidit put on, would be t 
amount necessary to rupture tlie bar, and since it 
supposed to have acted over' the whole cross section ui 
formly, the resulting weight or force divided by the area 
cross-section would give the force necessaiy to pull asunc 
a bar of this material whose cross-section was unity. TJ 
ybree necessary to pull asunder a bar whose cross-sectiofi 
unity is called the modulus of strength or tenacity, a 
expresses the tenacity of the material. 

If the force had acted in the opposite direction the fibi 
would have been compressed and the rupture would ha 
taken place by crushing. The force, divided by the cm 
section, would give the force necessary to crush a bar wh( 
cross-section was unity, and would express the resistance 
compression for that material. 

It the forces had acted perpendicularly to the axis, 
would be the case if the bar had been placed in a horizon 
position, with one end firmly fastened and the other susta 
ing a weight, then the rupture of the bar would have 
voTved both the tearing asunder and crushing of the fibres 

When rnpture ensues, caused by a force acting transvers 
to break the bar, the stress on the unit of snrfa<^ at the po 
wJiere the fibres first begin to tear apart, or to crush, jneasu 
the resistance of the material, ana is called the modulus 
rupture. 

This stress is usually designated by R, while that produc 
by tension is represented by T, and cr)mpression by C. 

It would seem that the respective values of R, C, and T 
the same material would be tlie same, or at least nearly eqv 
and that one symbol might be used to represent the resp 
tive values of the three. Experiment shows, however, t 
they are not equal, but vary considerably. 

The discrepancies observed are attributed to several cauj 
the principal one of which seems to depend upon the 1 
of elasticity of the body on which the exneriments were ma 

With certain kinds of materials, like brick, stone, etc., i 
much easier to determine the force required \o rupture th< 
than to determine their limit of elasticity. Therefore, 



TENSION. 



81 



these classes of materials, instead of making the limit of prac- 
tice depend directly npon the limit of elasticity, it is usual to 
liave it bear a certain relation to the force that breaks or 
crashes them. 



TBN8I0N. 

158. Relations between elongations and the forces 
producing them, the weight of the bar not being con- 
sidered. 

ffavififf a bar of a given uniform cross-sectionj placed in a 
^>ertical position, to determine the elongation produced by a 
force acting in the direotion of its axis. 

Bepreseut (Yig. 12) by 
Is the original length of the bar, 
W", the force applied to lengthen it, 
S the elongation due to W, 
^» the area of the cro6S-se(?tion, 
**> the coefficient of elasticity. 

Then from eq. (1), we have 




1 = 



WL 



(2) 



^^liicli is tihe reqnired formula. 
Alao, 



(3) 



•/ 



\47i 



B 



If, in eq. (8), we make A = 1 and 
' all ■ 



2 =L, we shall have 



(*) 



Fig. 12. 



That 19, the coefficient of elasticity, E, is the force which, 
applied to a bar, the cross-section of which is a s^iperficial 
unity would produce a/n elongation ecpwl to the original 
length of the bar, supposing its elasticity perfect up to this 
limit* 

Eq. (2) shows that the donation from any force acting in 
the direction of the axis of the bar, is directlv proportional 
to the length of the bar, and to the force itself, and inversely 
to the area of the cross-section, and coefficient of elasticity ; 
which is fully confirmed by experiment 

6 
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Divide W by A, and we have 

--— = the strain on a unit of cross-section. 
A 

If W be the force necessary to produce rnpture when ac 
ing in the direction of the axis, then 

W 

-— = T, the modulus of tenacity. ... (5) 

A 

Wood and iron are the two building materials most fr 
quently exposed to this strain. The cohesive power of wood 

greatest in the direction of the fibi'es, and in the tables showii 
le results of the experiments made on the strength of mat 
rials, the tensile strength there given is taken with referent 
to that direction, unless otherwise stated. 

From eq. (5), we have W = TA, f mm which knowii 
T and A, the force necessary to rupture the bar may I 
deduced. 

159. The following table gives the tensile strength, p 
square inch, as obtained by experiment upon some of the nil 
terials frequently used in building : 

MftterUL TensQe Strangtfa per tq. inch. 

Ash 10,803 lbs. to 24,033 lbs. 

Chestnut 11,891 " •' 13,066 " 

Cedar « « 10,300 " 

HickoiT 12,866 " "40,067 " 

Oak, white 12,300 " "25,222 " 

" live 15,800 " 

Pine 11,400 " "19,200 " 

Fir 12,867 " " 16,833 " 

Hemlock 16,633 " 

Cast iron, common pig. .... 15,000 " 

" " good common.... 

iron 20,000 '" 

Bar iron 57,000 " 

" " Swedish 72,000 " 

Copper wire 60,000 " 

Steel, cast 128,000 " 

" shear 124,000 *< 

" puddled 105,000 " 

Tin, cast 4,800 *« 

Lead," 1,800 « 

Zinc 7,500 « 



I 

I 
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The specimens of wood in the foregoing list were dry and 
seasoned. The time of seasoning varying from one to fifteen 
years. They were grown in different parts of tlie United 
States, extending from the extreme north to the farthest south, 
and from the Atlantic coast to the Pacific. The differences 
iii tlie' localities fit)m whence they were brought and the times 
of seasoning, explain the differences observed in the tensile 
strength of specimens of the same wood. 

The tensile strength of the metals is materially modified by 
the processes of manufacture and by the impurities they 
contain. 

Tt is evident, from this table, and from what has been just 
stated, that it is not practicable to assume a value for the 
inodnlns of tenacity which will be safe and economical for a 

fiven material. Its value in any particular case should be 
etermined by experiment; or before its value can be 
assumed, the quality of the material must in some way be 
kno\^n. 



TThe -work expended in the elongation of the bar. 

160. The general formula from Anal. Mechanics is 

Q = fVd8, 

. 

^^ which P is the resistance, 8 the path of the point of appli- 
cation, and Q the quantity^of work. 

In uiis formula, substitute W for P, and I the elongation 
^or ^j and we have 

Q = fwdl. 
^^bstitnting for W its value from eq. (3), there obtains, 

Q=:fEAjfj 

^ i^resent the quantity of work. 
Integrating between the limits 1 = and I = l\ we have. 
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From eq. (3) we have 

L ' 

W being the particular value of W producing the elonga' 
tion, r. 

Substituting this value of W in the preceding equation^ 
and we have 

Q = iWT (6) 

If, in the eq. 

Q =rWdly 
W were constant and equal to W, then 



Q = Wfdlj 



which integrated between the limits 1 = and Z = Z' will give 

Q = W7'. 

This value of Q is twice that of Q in eq. (6) ; whence it 
follows that the woi'k expended in producing the eloiigatioa 
l\ by applying the force W', at onoe, or having it constant, is 
twice the work which would be expended, if the force were 
applied by increments, increasing gradually from zero to W. 

Combining eqs. 

and eliminating Z', we get 



Q = 4 



EA' 



whence it is seen that the work expended upon the elongation 
of the bar varies directly with the squai-e of the force pro- 
ducing it, with the length of the bar, and inversely with the 
area of cross section and coefficient of elasticity. 
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I 

I 



! 

f 

J 

Fig. 13. 



Elongation of a bar, its -weight considered. 

161. To detenniiie the elongation of 
a bar, under the same circinnstances 
as the preceding case, when its weight 
is taken into consideration. 

In eq. (2), the weight of the bar 
being very small compared with W, it 
was nefflected. 

To oetermine the elongation, con- 
sidering the weight of the bar, repre- 
sent (Fig. 13) by L, W, I, and A, the 
same quantities as before, by x^ the 
distance from A of any section as C, 
by dx^ the length of an elementary 
lx)rtion as C D, and by w^ the weight 
of a unit of volume oi the bar. The 
volume of the portion B C, will be ex- 

Eressed by (L— a?) A ; and its weight 
y (L— aj) Kw, 

The total force acting to elongate the elementary portion 
C Dy will be expressed by 

W+(L— aj) kw. 

Substituting this for W, and dx for L in eq. (2), we have 

elongation of da? = "P^x ^• 

The total length of dx after elongation will, therefore, be 

, , W+(L — aOAw?, 
dx + ^EA ^' 

Integrating this between the limita x = and <b = L, there 
obtains, 

^ + ' = ^+ EA+^EA- • • • • (7) 

for the total length of the bar after elongation. 
This may be written^ 



l+;=l( 



1 + 



W + figAL \ 

EA r 
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If, in this expression, we make W = 0, we have 

, iwALy 

In this, wAJj is the weight of the bar; representing 
weight by W and substituting in last expressson, we have 

or the elongation due to the weight of the bar, is one half 
what it would be if a weight equal to that of the bar we 
concentrated at the lower end. 

An examination of the expression, 'W+ (L — x) Aw?, sho 
that the strain on the dififerent cross-sections varies with 
decreases as x increases, and is greatest for a; = 0, or on th 
section at the top. Since the bar has a uniform cross-sectio 
the strain on the unit of area is different in each section. 




BAB OF UNIPOBM STBENGTH TO BBSIST ELONGATION. 

162. To determine the form a vertical har should have^ in-- 
order to be equaUy strong throughout^ when strained only hy^ 
a force acting in the direction of the axis of the bar^ the 
weight of the bar being considered. 

Suppose the bar, fixed at one end and the applied force 
producing elongation to be a weight suspended from the 
other end. [Fig. 14.] 

From the preceding article, it is seen that if the bar has a 
nniform cross-section, that the strain on each section is dif- 
ferent. In order that the bar should be equally strong 
throughout, the strain on each unit of area of cross-section 
must be the same throughout the bar. This can only be 
effected by making the area of the cross-section proportional 
to the stress acting on it, or having the cross-sections variable 
in size. 

Represent, by 

A, the area of the variable cross-section ; 

A', the area of cross-section at B, or the lower one; 

A", the area of cross-section at A, or the top sectioa; 

T„ the strain allowed on the unit of area; 

W, the force applied to the bar producing elongation; 

Xy the distance, B C, estimated upwards irom B. 
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The total force acting on any 
Bection as C, to elongate it, is 



W+w PAdXy 




jimt«imiffli(imiron|flnmmfimiiintmiiw w!miwmi»nni|i 



w being the weight of the unit 
of volume of the bar. 

Since T, is the strain allowed 
on the unit of area, T, x A will 
represent the total strain on 
the section at C, and will be 
equal to the force acting on this 
Bection to elongate it. Hence, 
we have 

W-\-wTAdx = T,A (8) 

Differentiating, we have 

toAdx = T.rfA, 
^hich may be written 
todx^dA 

Integrating, we get 

-^=Nap.logA+C. ... (9) 

^Afaking aj = 0, we have A = A', whence 

= Nap. logA'-fC. 

I Snbstituting for in eq. (9) its value obtained from the 
^^t equation, we get 

w ^y , A 

^a5 = Nap.log-^ 

passing to the equivalent numbers, 

wx 

A = A'e%. 




^ut 



A'= 



■^tiich sobetituted above gives, 



W 



1091 



A = 



w — 
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Making x = L and A becomes equal to A'', hence 

W — 

A"=— ^T, 

the value for the area of the section at the upper end. 



Forxn of bar vrhen it has a oiroular oross-sectioi 

163. No particular form has been assigned to the cross s ^r*<N 
tion of the bar in this discussion. Let it be a circle and r^^X>- 
resent the variable radius by r. 

Then the area of any cross-section will be Trr", which beF 
substituted for A in eq. (8), gives 



W -h w I irr'dx = T.wr*. 
Differentiating, there obtains 



hence 



dr w J 



which integrated gives 



w 



Nap. log. r = ^x + C, . . (10) 

which shows the relation between x and r. 

Eq. (10) is the equation of a line, which line being cc::==^°; 
structed will represent by its ordinatesthe law of variation ^J 
the different cross-sections of the bar. It also shows the ki^^*'^^ 
of line cut fn)m the bar by a meridian plane. 

The most useful application of this problem is to determi^^^® 
the dimensions of pump-rods, to be used in deep shafts, liilll^^ 
those of mines. 



OOBSPRBSSION. 

164. The strains caused by pressure acting in the direction 
of the axis of the piece tend to compress the nbres and dxorU^ 
the piece. 
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Prom the principle that all bodies are elastic, it follows 
that all bnilding materials are compressible. 

Within the limit of elasticity it is assumed that tlie resist- 
ances to compression are the same as tension. They are not 
really the same ; but within the elastic limit the differences 
are so small, that for all practical purposes it is sufficiently 
exac;t to consider them equal. 

The coefficient of elasticity of the material is assumed the"* 
same in both cases, and to distinguish it fi-om the coefficients 
of elasticity when the fibres are displaced in other ways, it is 
sometimes called the coefficient of longitudinal elasticity, 
or resistance to direct lengthening or shortening. 

It is evident that the problems that have been discussed 
for tension are the same for compression, and the solutions 
are alike, except we must give a diflFerent sign to the applied 
forces, to show that they act in the opposite direction. 

To ascertain the force under which a given piece would be 
crushed, we first ascertain the weight necessary to crush a 
piece of the same material ; and since experiment has shown 
^^lat the resistances of different pieces of tne same material to 
^''usliing are nearly proportional to their cross-sections, the 
'^yuired force can be easily determined. 

Assuming that these resistances are directly proportional 
^^ the cross-sections, let W be the required force, A the .area 
^^ oross-section of given piece, and the force necessary to 
^^•ush a piece of tne same material whose cross-section is 

^VVe have, W : C ;: A : 1, or 

W' = AC, (11) 

3- = C (12) 



Ji4any experiments have been made on diflFerent materials 
^^ 'find the value of C, and the results tabulated. If the ex- 
I*^*nment8 for finding C were not made on pieces whose 
^^^^'^^^ft^ections were unity, they were reduced to unity by 
ms of eq. (12). The pieces used in the experiments 
short, tneir lengtlis not being more than five times their 
*tneter, 
^ This value of C therefore is the pressure necessary to crush 
P^^ces whose lengths do not exceed five times their diameter, 
^^d whose cross-section is unity. It is called tho modulus of 
^^^Lstanoe to crushing. 

165. The following are the values of C for some of the ma- 
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terials in common use, and were obtained by crushing pi 
of small size, and as a rule not longer than twice their diam 
ter : 

Material Grofihing Forces per sq. inch, in It 

Ash 4,475 to 8,783 

k^ Chestnut 6,000 

Cedar 5,970 

Hickory 5,492 " 11,213 

Oak, white 6,800 " 10,058 

Oak,live 6,530 

Pine 5,017 " 8,947 

Fir 6,644 " 9,217 

Hemlock 6,817 

Cast iron 56,000 " 105,000 

Wrought iron 30,000 " 40,000 

Cast steel 140,000 " 390,000 

Brick 3,500 " 13,000 

Granite 5,500 " 15,300 

Kankine gives from 550 to 800 for common red brick, and^ 
1,100 for strong red brick. 

The remarks relative to the specimens of wood used to 
obtain the values of T in the table on page 83 apply equally 
to this case. 



8HXIARINO 8TRAIN& 

166. There are two kinds of shearing strains; one a 
transverse, like that caused by punching a hole in a piece of 
metal, or like the strain upon a rivet in riveted plates 
when the plates are subjected to tension or compression; 
and the other a longitudinal strain, which is resisted by the 
lateral adhesion of the fibres and which is ordinarily termed 
detnision. 

The relations between the displacements and the foroetf 
causing them are expressed by formulas analogous to those 
used in the case of elongation. 

In illustrating this strain, the consecutive plane C D (Fig. 
15), is supposed not to have rotated around any line m 
its plane, but to have had a motion of translation parallel to 
the plane A B, so that after the movement any fibre, as ab^ will 
have a new position, as €Lb\ 
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«s: 



b 

b' 



B 

Fig. 15. 



Suppose A B to have remained fixed, and represent by 

L, Uie original length of any fibre 
<J> between me two cousecutiye planes 
A B and C D ; 

7, the distance hV which every point 
of the plane C D has moved in the 
direction of C D, relatively to the 
plane A B, owing to the force causing 
this displacement ; 

Sy tlie amount of shearing force on any fibre ; 

a, the area of the cross section of any fibre ; 

6, a constant. 

Now, in the displacement of ab from the position ab to ab\ 
it may be assumed from analogy, that the resistance to this 
displacement is, on the one hand, pix)portional to the cross- 

section a ; and, on the other, to -p, which is the measure of this 

displacement referred to the unit of length. To express the 
liypothesis there obtains 



8 = Ga-£ 



(13) 



in which G may be considered either as constant for any ele- 
inentary fibre, or as variable from one fibre to another. In 
either case there obtains 



8 

a 
L 



.= G, 



^"icih is the quotient obtained by dividing the shearing force 
^" ^lie unit or area of any fibre by the displacement of this 
^^■^^ corresponding to a unit of length, and is analogous to 

'^^ithin the limit of elasticity, this quotient is constant for 
^^ elementary fibre. This force G is called the coeffioientof 
lat^^al elastioity, to distinguish it from tliat of longitudinal 

olft^stioity. Experiment shows that -tt differs but little f I'om 8. 



we represent by S, the entire resistance to this displace- 
^^'^^^t of the plane CD; by A its area ; and assuming G as 
cot^^tant throughout its area, there obtains 



S.= GA -J-, 



(14) 
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which expresses the relation between the total displacement 
of the section and the force producing it. 

Tills has been considered as within the limit of elasticity. 
If the force be increased until rupture takes place, we find 
that the resistance will vary for both kinds directly with the 
section, and if S' be the force shearing the bar, we have 

S' 

—- = S, the resistance which the material oflFera per unit 

A. 

of section to being cut apart by a shearing foi^ce. 

Hence S' = AS, in wnich S is the modulus of shearing'. 

167. Values of S have been obtained for several materialsi 
some of which are as follows : 

Metals — Values of S. 

Cast steel 92,400 lbs. 

Wrought iron 50,000 " 

Cast iron 30,000 « 

Copper 33,000 " 

Wood — Transverse shearing. 

Pine 600 to 800 lbs. 

' Spruce 600 " 

Oak (treenails) 8,000 " 

Longitudinal shearing. 

White pine • 480 Iba. 

Spruce 470 

Fir 692 

Hemlock 540 

Oak 780 



u 

a 
u 
u 



TRAK8VBR8B STRAIN. 

168. Extraneous forces acting on a piece either obliquely 
or perpendicularly to its axis produce a transverse strain in 
the material. This strain is one of the most common and 
most important to which building materials are subjected, and 
for which the greatest number of experiments have been made. 

Let it be required to determine the relations between 
the force producing deflection and the correspanding 
elongations and compressions of the fibres of a bar, the 
cross-section being uniform and symmetrical with respect to 
the plane throngh the axis of the bar, and in which the force 
acts. 
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this case, we assume that the cross-section of the parts 
jither uniform, or else vary by insensible degrees, oy a 
)f continuity from one pomt to another ; the figures of 
3ros8-8eetion, being simitar for any two points at finite 
nces apart, but regarded as identical for any two sections 
itely near each other. 

tersecting the bar by consecutive planes of cross-section, 
ypotheses adopted are : 

;. That these planes will rotate around some line drawn 
8 the figure of the cross-section. 
. That they will remain normal to the fibres after deflec- 



. That the fibres lying on one side of this line of rotation 
be extended and on the other compressed, 
li. That the elongation or compression of any fibre will 
x)portional to its distance from this line. 
li. It follows that there is between the extended and corn- 
ed fibres a surface which is neither extended nor corn- 
ed, but retains its original length, which surface is called 
leutral surface. 

ti. That the beam will rupture either by compression or 
ision when the modulus of rupture is reached, 
ppose a bar whose length is great compared with the 
eter of its cross-section, to be placed in a norizontal posi- 
and acted upon by a system of vertical forces whose re- 
nt W intersects the axis of the bar. 
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Fig. 16. 
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Fig. 17. 



t Fig. 16 represent the longitudinal section through the 
)f tliis bar cut from it by the plane of the force W, and axis 
This is a plane of symmetry. It will cut from the neutral 
ce a line, which, from the hypothesis just given, will be 
er extended nor compressed, 
t E F be this line, wliich is called the neutral or mean 



U'.. 



- ;'ive plane- ^'f cross- 

> v»riti;iiiiil i><»-iti«»n, let 

J D with respect to A B 

- Mike an an<rle with each 

:.:r]\ will be projet!te<l on 

■ :i> R. Tliir; p«»int is tlie 

- ^ aiul C R to the line E F 

.■.:ie R 0' will he the radius 

.- ::ie point 0'. 

' -^-^ection ent from the i>ar 

'. M.licular to the fihres of tlie 

- 'f the neutral surface hy tlio 

- - ::ie line in tlu* plane around 

ifticctin;' force, and is termed 

."wtangular co-ordinate axes to 
' s> f^vtion are referred. 

. -.>< f all points in the plane Y Z ; 
^ -•: :i the line E F; 
^-, v "H^tweeu the sections A B and C D ; 
. ^^.<.. -ioii of a fibre ; 
-^- . .»r compression' of any fibre as ab ; 
"L : .v;rvature. 

■ >!;-:iin is witliin the limit of elasticity. 
^ \ ril^re, as ah contained between the 
» > s:*.d al>ove the neutral surface, will be 
^ . , .:■: V proi>ortional to its distance from 

t\niration is re])resented bv \ and the 

^- . •-;.-s:i::li*s Wcaml OR (Fig. Ifi), we have 

" . r > ,v"s:! ..'^ ••'>0: O'R, t.r X : (/i : : y: p, 

■fi 

\ =—dx (15) 

P 
, ^ f^^r ; and </.i' for L, in eq. (3), we have 

A, 



>.."N 
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Therefore the total stress on the fibres elongated will be 
expressed by 

jffy^y^- 

."! In like'raanner the total stress on the compressed fibres will 
be expressed by 

the negative sign being nsed to denote the contrary direction 
of the elastic resistance of the compressed fibres. 

As these strains are caused by the force W acting to deflect 
the bar, and therefore to produce rotation about any neutral 
wrfs, as P, with a lever arm of F = «, there will obtain, to 
express the conditions of equilibrium of the system of forces, 

-ffy'dyd^ + -ffy'dyd^ - (Wa:) = 0, . (17) 

^^ which (Wa?) represents the algebraic sum of the moments 
of the extraneous forces. 

Since the i-esistance developed in each fibre is exactly equal 
*n<i contrary to the force acting upon it to produce elonga- 
tion or compression, eq. (17) shows that the sum of the mo- 
^ents of resistances in any section is equal to the sum of the 
'foments of the extraneous forces. 

If the neutral axis divides the cross-section symmetrically, 
^e centre of gravity will coincide with the centre of figure. 
Let h be the umiting value of s, and id of y, then eq. (17) 
'^y be written 

fdydz = (Wx) . . . (18) 
The quantity - f I J^dydz is dependent upon the form of 

pJ J . r r 

crossnsection and nature of the material. The quantity / / 

yfdydz is the moment of inertia of the section C D 
with respect to the right line drawn through the centre of 
gravity of the section, and perpendicular to the plane 
passing tilirongh the axis of the oar and of the force W. 
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Tliid riglit line has been shown to be the neutral axis of tlie 
section. Representing this moment by I, and (Wa?) by M, eq. 
(18) may be written 

— = M (19) 

The first member is oftentimes called the moment of elas- 
tioity> sometimes the moment of resistanoe, and at others 
the moment of flexure, and the second member is called 
the bending moment. 

109. Kq. (18) may be verified as follows : 

Fix>m Analytical Mechanics, we found that if all the ele- 
montary masses were concentrated at a point, called the prin- 
ci^uil centre of gyration, the moment of inertia would be im- 
altinxHl ; also, that the forces tending to produce rotation of 
the Innly might be concentrated at this point, without there- 
by changing the conditions of equilibrium. 
* Let W be tlie extraneous force, acting with a lever arm a?, 
tending to pn)duce rotation of C D around some line in it^ 
^upjKieio the resistances, offered by the fibres to rotation, con^ — 
ivutmteil at the principal centre of gyration, and equal toP"^ 
acting with a lever arm, k. 

Wo have for equilibrium, 

P'/fc=M. 
Friuu Mechanics, we have 






iu whioh m is the elementary mass, r its distance from 

ikviii, and A tlie area of cross-section. ^ . 

UolVrring tlie elements of the cross-section to the co-orc:^^ 
UHlo Hvin iu Y and Z taken in its plane, as shown in Fig. ' 
HM\| i*\iUtituting for J the sign of integration and for w, 
\hIuo iu \\mm of y and 3, we get, 





^dydz 
Jc - 



A 
|l\|\\Avt«^ i^ud dividing both members by ^, we get 

j jy'dydz 



"- M 



Hence, 



and 
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P f fy'dyck 
^'^^ Ak =^' ... (20) 



whence 



J fy'dydz 



A " 



J fy'dydz 

^tich is the value the force would have on the unit of area 
*t the principal centre of gyration, or the distance k from the 
^^utralaxis, under this hypothesis. 

It has been assumed that the resistances are directly pro- 
P^^^onal to the distance from the neutral axis ; hence, at the 
^^^^t'g distance, the force on the unit of area would be 

F M 

Ak ' 



J Jy^dyda 

at the distance, y, the force would be 

Fy _ My 

Ak 



J Jy'dyda 



TThe strain on the unit of area at the distance, y, from the 

E 
^^^ is shown by expression (16), to be equal to — y« Hence, 

E My 



y 



^ "" J Jy'dyd^ 
or 

^ffy'dydz^l^, 

which is the same result as that shown by eq. (18). 
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81IKAKINO STRAIN PRODUCED BT A FORCE ACTIKG TO BEND THl 

BAR. 

170. No reference was made in the preceding article tc 
the Hliearing strain produced in the bar oy a bending force 
aiainjij at one end, tor the reason, that in prismatic bars of 
thiH kind it is rarely necessary in practice to consider this 
titrain. 

If in tliis bar (Fig. 16), the section A B had been taken 
iH>n«(HMitive to the section, at F, where the force was applied, 
tlio action of the force wonld not have been to turn this 
tHHttion F ai*onnd a line in its plane, but to have sheared it 
oft fix)ui its consecutive section. This action would have been 
r(wist<Hl bv the adhesion of the sections to each other. The 
force \V is supposed to act uniformly over the entire sec- 
ti<»n F, hence the resistance to shearing in the adjacent 
Kection will be uniformly distributed over its surface and 
(»uuhI to W. The resistance on the unit of surface wonld 

W 

thcivfore be -r-. 

A 

The adhesion of these two sections prevents their separa- 
tion by this force, hence the second section is drawn down by 
the foVn^ W, which tends to shear it from the third section, 
and h(» (»n. 

In thin particular case, the action of the force W to sheai 
the riiutioiis off, is transmitted from section to section until 
the llxcd i^nd is reached, and the shearing strain of each sec- 
tiiih irt the same and equal to W. And in general, the shear- 
tng atreBS of any oross-seotion of a bar or beam placed in 
u horizomal position is equal to the sum of all the vertical 
f'oircH tranamitted througri and acting at tKat section. 



CHANGES IN FORM OF THE BAR. 

171. lu a bar strained by a force acting in the direction 
y.l ii» Hxirt, tlie lengthening and shortening of the bar have 
\^v\\\ the only (flanges of form considered. There is another 
^ tiauive that invariably accompanies them. This is the con- 
lu^iiU'U i»r enlargement of the area of cross-gection, when the 
h.u i^ v^\ttMulc(l or compressed. When the elongation or con- 
11.4. iu>ii itt ntnall, the diange- in cross-section is microscopically 
.iui^ll, hijt when these strains are very great, this change is 
»-^.u..ihle lu huiiiy materials. 
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In structures, the pieces are not subjected to strains of 
sufficient magnitude to allow this change of cross-section to 
be observed, and hence it is neglected. 

It is well to keep this change in section in mind, as by it 
ift are able to explain certain phenomena that are met with 
in experiments, when the strains to which the specimens are 
submitted pass the limits of elasticity. 



STRAIN ON THE UNIT OP AREA PRODUCED BY»A BENDING FORCE. • 

172. Expression (16) represents the stress of extension on 
fte fibre ^ose cross-section is dyd2. Dividing this expres- 
sion by the area of cross-section of the fibre, we have 

E P 

-y=P, 

in which P represents the stress on tlie niiit of area at the 
distance y from the neutral axis. Dividing through by y 
and multiplying both members by I, we have 



▼hence 



— =?? = M (21) 

p y 



P = -^y (22) 



which formula gives for a force of deflection, the stress on a 
^nit of area at any point of the section. 

"hen the bar has a uniform cross-section, I will be con- 
stant, and P will vary directly with y and M, and by giving 
^ y its greatest value, we find the greatest strain in any as- 
sumed crose-section* 



VALUES OF I. 



^ • 8. In bars or .pieces having a uniform cross-section, the 
moment of inertia for each section with reference to the neu- 
tral axis is the same, and hence I is constant for each piece, 
and is easily determined when the section is a known geomet- 
riisal figure. 
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1. When the cross-section is a rectangle (Fig. IS) 
in which h is the breadth, and d the depth, tine 
integral taken within the limits z = 0, and « = Jj 
y z=z id and y = — ^d, gives 

1 = ^bd^. 

Fig. 18. 2. For a cross-section of a hollow girder, like tlx»t 
of (Fig. 19) in which b is the entire breadth, d the tot»l 
depth, J' the breadth of the hollow interior, d^ its depth, tie 
integral gives 

I = ^ (J(i» - Vd"^ 

The expression will be of the same form in t^^e 
case of the cross-section of the I-girder, (F* ^&, 
20), in which b is the breadth of tlie flanges ; ^ 
the sum of breadths of the two shoulders ; d <^^?* 
depth of the girder, and d' the depth between t^^^^^ 
flanges. ^ 

3. When the cross-section is a circle, and tTT 
^^' ' axes of co-ordinates are taken through the cen 
the limits of b will be + r, — r; and those of y will 
+ , and — i^r2-32] and 

1 = Jttt**. 

4. For a hollow cylinder, in which r is 
exterior and r' the interior radius, 

I = J 7r(r* _ r'*). 

5. When the cross-section is an ellipse, an« 
the neutral axis coincides with the conjngat 

Fig 20 *^'®' ^^ *^® transverse axis be represented by a 
and the conjugate by 3, and the limits of s and 
be taken in the same manner, as in the circle, then, 

I = ^irbdK 

6. When the cross section is a rhombus or lozenge, 
which h is the horizontal and d the vertical diagonal, 

I =i^. 



■kh 



i 
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174. In the preceding article ofn transverse strain, to sim* 
plify the investigation, without affecting the accuracy of tibe 



FLEXUBE. 101 

results, the bar was placed horizontally, and no notice was 
taken of the change oi position of the mean fibre after the 
application of the bendnig force. 

The strain was within the limit of elasticity, and for this 
force the body was regarded as perfectly elastic. 

The action of the force was to bend the bar, and hence to 
bend the mean fibre without lengthening or shortening it, 
making it assume a ourved form. 

AVhen the bar is bent hi this manner, the curve assumed 
by the mean fibre is called the elastio curve or equilibrium 
oxirve. Its equation is deduced by equating the moment of 
resistance and the bending moment, and proceeding through 
tlie usual steps. 

All the external forces to the right, or to the left, of any 
afiBumed cross-section are held in equilibrium by the elastic 
resistances of the material in the section. 

EI 

The general equation (19), — = M, expresses the condi- 
tion of equality between the moments of resistance and bend- 
ing, and is the equation from which that of the curve as- 
Bunied by the mean fibre after flexure may be deduced. 

From the calculus, we have 



p=± 




da? 
''iici, substituting in eq. (19), gives 



■SKt^ W 



Fi)« 



^^■^garding the deflection as very small, -^, the square of 

t^6 t:«ngent to the curve at the point a, y, may be omitted, 
and ^q, ^23) becomes for this supposition 

Elg = M (34) 

"wbioh ig the general equation expressing the relation between 
tiiO xiQoment of flexure and the bending moment of the ex- 
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traneoiiB forces for the mean fibre of any prismatic bar, whe: 
the deflection is small. 

175. To find the equation of mean fibre in case of 
bar placed horizontally, fixed at one end and acted upo: 
by a foroe W at the otiier. 



Denote by (Fig. 21) mmmmm 



I 



Z, the length of the bar | 

from the fixed end to 




I A 



the point of application | 

of W , it will be equal ^^i mmmmm . 
to the length of the 
mean fibre, A B. 

Let AX and AY be ^ p^^ 2^ 

the co-ordinate axes ' * _ 

and Y positive downwards. The bending moment of W ^^^ 
any point, a?, will be W (Z — a?), and substituting this for — 

in eq. (24), we have 

El-^ = W{l-x). . . . (25) 

Integi*ating, we have 

dy W 
EI^ = -2-(2te — a?) + C. . . (26) 

If a = 0, by hypothesis -^ = 0, and hence C = 0. 

Integrating eq. (26) we have 

W 

EIy = -^{Sb? — a?)-\-G' . . (27) 

Noting that for a? = 0, y = 0, we have C = 0, 

W 
hence, y = -w^ {Sla? — a?) ... (28) 

which is the equation of the curve of mean fibre under theses 
circumstances. 

Inspec^tion of eqs. (26 and 28) will show that the greatest^ 
%\o\^ of tlio curve and tlio ffi'eatest distance between any 
point of it and the axis of a will be at B. Eq. (25)^ow8 
that tlie curve is iH>nvex towards the axis of X. 

Represent by /' the maximum ordinate of the curve. Its 
value will be obtaint^d l)y making « = /^ hence 
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If the bar had been loaded uniformly instead of by a 
weight acting at its extremity ; representing by w the load 
on a unit of length, eq. (24) would have become for this case, 

Elg = |(^-»)». . . . (30) 
ience the equation of the curve of its mean fibre, 

Xhe value of the maximum ordinate in this case would be 

/=8EI <32) 

Xnstead of W concentrated at the end as shown by eq. 
(28)j suppose it to have been uniformly distributed over the 

*^^*-, then.-r- would be the load on each unit of length in that 

V 



J, and substituting this in eq. (32) for Wj and calling the 
^^^^J:Tesponding ordinate, /\ we have, 

W 

J -"SEr-sEi • • ' ^"^"^^ 

Hence y^' 'y I ' i • 4? from which we see that concentrating 
^^^ load at the end of the bar increases the deflection nearly 
^^^-t-ee times that obtained when the load was uniformly dis- 
tributed. 



BEAMS OP UNIFORM CROSS-SECTION. 
BEAMS RESTING ON TWO OB MORE SUPPORTS. 

176. By the term, bar, used in the previous discussions was 
meant any piece, the diameter of whose cross-section was 
small when compared with the total length of the piece. 

If the bar k of considerable size and has a cross-section of 
several square inches or more, the term beam is applied. 
When the beam rests on two supports and is subjectea to a 
transverse strain, it is usually called a girder. If it be 
placed in a horizontal position, with one end fixed and the 
other free, it is known as a semi-girder or cantilever. 
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trancoiid force?; i". 
the dellectioii i- -i? 

175. To firui . 
bar placed hoi i - ^. 
by a force W ., . 



7, tlji.' ].?;.«;M. 

from III" 

of W. : 

I. 
tl.. 



T. 



:i' 



•I 



/un of Support. 

K:i'iiiine the bending 
.adtion of mean fibre of 
jrizontal position on t 



c 



. :M l)eain is uniformly loader^^ 
-iiigle force between the tw * 

i'.es acting on the beam are il:^^ * 
Lf it and the vertical react ioi^ 



f-R. 



c 

■t- 



B 



^ 



— X 



Fio. 22. 



>>:• 



V V :ho beam, A and B the points of siip- 
^. t *c i>>-ordinate8. AX and AY, the axes. 
^>4:i:KV between two points of suppoii: A B. 
. t.c of length. 

.\ i:iv section of the beam A B. 
!io l>oam is 2wl and the reactions at each 
%.* 'v#iH?ctively equal to — wL 
'^^oiciit. i-t*t D be anj' section of the beam made 
^***"'''^ ,^>9;.v: ivrponilicnlarly to the axis, through the 
^ .^ >8<i :s u\ and let us consider all the fon.^cs act- 
7 V. V 'i D ; in this case let it be on the side A D. 
^^ ^ M;;; i»u the remaining segment AD ai-e the 
^ > N^ii'.v'n of the beam, and the reaction at A. 

-^iiii v»f their moments will be the bending 
' -^^ !^, o\-^'»"**'^' forces acting on this segment. Let 
^ : ^\.x ..iv-a; A«d we have 



•iv \ 






(34) 



gle 

lllii 
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The second member of this equation is a function of a sin- 
gle variable, and may therefore be taken as the ordinate of a 
le of which x is the abscissa. Constructing the different 
TaJues of the ordinate, the line may be traced. This line is a 
parabola, and shows the rate of increase or decrease in the 
bending moments. 

The curve thus constructed may be called the curve of the 
bending moments. 

Shearing strain. — The shearing stress on the beam at D 
is equal to the algebraic sum of all the vertical forces acting 
at this section, hence 

S'= wx — wl (35) 

The second member of this equation represents the ordi- 
nate of a right line. Constructing the line, the ordinates will 
shoiv the rate of increase or decrease of the shearing: strain 
lor the different sections. 

By compai'ing equations (34) and (35) it will be seen that 

S'=^ ..... (36) 

dx ' 

whieh shows that the shearing stress at any section is 
eqiutl to the first differential coefficient of the heridmg moment 
oft/uxrt section taken with respect to x. 

For convenience we used the segment A D, but the results 
"wx^ulci have been the same if we had taken B D. For, sup- 
2^^ 'W'e find the bending moment for this segment, we have 
for the moment of the weight, acting to turn it around B, 

w{2l - a?) X —^ = j{2l - x)\ 

-^-^<i for the moment of reaction, 

- wl{2l - x). 
^^^ algebraic sum of these moments will be 

— ^wlx, 

the saixie as (84), as it should be. 

*^>xation of mean fibre. — Substituting the second mem- 
ber of eq. (34) for M in eq. (24), we have 



Integrating, we get 



EI^ = itoaf'-wlx. . . (87) 
oar 

^Jly w . w, ^ 
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Beam lleHtlnn 

i' 



*Hi 



177. Let it be reqiiiiv.i »■ 
ments, shearing stres;^, -' 
straight beam resting in 
X>oints of support. 

There are two c•a^l«^r : ■ ■ 
and, 2, wliei) ac^t<»cl '^ 
points of support. 

1st Case. — Tlir r\' 
load unifoniily disir;! 
at the pohits of s?iip| ■ . .. 



4^R. 



.jfegrating, we get 

- * C = 0, and we have 
..^'•rSPa?) . . . (38) 

r^t :■£ mean fibre, and may be 
^.ae maximum ordinate of the 

s> s at the middle point of the 



T 



jei snder the form, 



(39) 



Let AB (I- ■.' 

E)rt, and A ;;,• 
enote l'\ " 

■ 

X ~ :i! 

The io;... 
jKniit.*'!" .■.,.. 

Bendiuf^ i 
l)y a |.l:::.- 
puiiit,.-.! 
liiir or ■ ■ 

f'r ■ • 

Tlir' 

Jliop:- ,, 

Ml..- 



.. ;^ ':c: slightly from ?, the quantity 

V w! materially aflFeeting the value 

.- ;;,se values. Omitting this quan- 

"":-. iJx - aT) .... (40) 

^ bola. Ilcnee, a parabola may 

\ -- Wh the middle noint of the curve 
"^^Ti^s i»f siipprt, \\dii(^h nearly coin- 
^ i 3i»n fibre in the vicinity of its 




- -(2 ±^ ^)j which gives 

rlaate of the curve for this value of x, 
^ - r -"^ '^£ jhe parabola for the same value of x. 
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Whence, we get 



r-v 



= i 



178. 2d Case. — The external forces acting on the beam are 
^^e applied force, whatever it may be, and the vertical re- 
^tions at the points of support. 

Xrf^t A B (Fig. 23) represent the beam resting on the supports, 
A and B, sustaining a weight, 2W, at any pomt, as P, between 
2?^ points of support. Benote the reactions at A and B by 
-tt^ and E;, A B by 2Z, A P by V. 



A 



Ra 



4^ 



2W 



Fig. 23. 

The reactions R, and R, will be proportional to the segments 
which the beam is divided, and this sum, disregarding the 
eight of the beam, is equal to 2W. Hence, 

R, : R, : 2W : ; PB : AP : AB, 

from which proportion we, knowing 2W and Z', can determine 
tlie values or R, and R,. Knowing these, we can obtain the 
tending moment and shearing strain of any section, and the 
Reflection of the beam due to the force 2W. 

179. Tlie most important case of the single load is that in 
Mrhich the load is placed at the centre. Suppose 2W to act at 
the centre, then Ri=R2= — W. Assume the origi n of co-ordin- 
ates and the axis of X and Y to be the same as in the fii*st case. 
Bending moment. — For any section between A and C the 
bending moment will be M = — Wx. 
Shearing strain. — The shearing stress on any section will be 

S'=±W. 
Equation of mean fibre, — Substituting in second mem- 
ber of eq. (24) the above value of M, we have 



Elg = -W, 



(«) 



Integrating, and substituting for C, its value, we get 

dy W 

^^1=2 (^-«') .... (42) 
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Integrating again and substituting for C, its value, we 

y = ^(SPx - a?), . . . .(43) 

which is the equation of so much of the mean fibre as lies 
tween the origin, A, and the middle point, C. 

The right half of the mean fibre is a curve exactly simi 
in form. Assuming B as the origin and the abscissas as 
tive from B towards C, eq. (43) is also the equation o; 
right half of the curve. 

Defieotion. — The maximuiil deflection is at the centre, ancL 

/-*EI 

Comparing this with the deflection at the centre in 
previous case, it is seen that the deflection j>rodueed by a 
uniformly distributed over the beam is five-eighths of 
produced by the same load concentrated and placed ait 
'middle point. 

180. Comparison of strains produced. — The bendi 
moment for any section, when the beam is uniformly load< 
ife, eq. (34), 

M = -— wUcy 

and when the beam is acted upon by a load at the middl^ — - 
point, is, eq. (41), 

M = - WiB, 

Both will have their maximum values for x = L 
Equating these values, we have 

Wl = iwP, 

whence W = -^r-, 

which shows that the greatest strain on the unit of area o; 
the fibres, when the load is uniformly distributed, is the same^ 
as that which would be caused bv half the load concentrated, 
and placed at the middle point of the beam. 



Beams strained by a miiform load over its entire 
length and a load resting mid-way bet'ween the ti^o 
points of support. 

181. If the beam be uniformly loaded, and support also a 
load midway between the points of support, the corresponding 
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'Values for the strains can be obtained by adding algebraically 
the results determined for each case taken separately. 

Xf the beam had other loads besides the one at C, we could 
iri the same maimer find the bending moments, shearing 
Bti-ains. and deflections due to their action. The algebraic 
Slim of the moments, ordinates of deflection, etc., would give 
results obtained by their simultaneous action. 



^eam having its ends Jirmly held down on its sup- 
ports. 

1182. In the preceding cases the beams are supposed to be 
fcting on supports, and not in any way fastened to them, 
the ends of the beams had been fastened firmly so that 
3y could not move — as, for example, a beam having its ends 
'nily imbedded in any manner in two parallel walls — the 
suits already deduced would have been materially modified. 
Xet it be required to determine the strains and equation of 
irve of mean fibre in the case where the beam has its ex- 
^'^^^^mities horizontal^ and firmly embedded so that they shall 
*t m/yoe^ the beam being uniformly loaded. 
If we suppose a bar fitted into a socket (Fiff. 24) and acted 
^jpon by a force to bend it, it is evident, calhng Q, the force 
*^ the couple developed at the points B and H, that the mo- 
ent of the force W, whose lever arm is Z, is opposed by the 
^^>.oment of resistance of the couple, B Q, and H Q, acting 
"^Virongh the points H and B. 




Fio. %L 



i 



Hence, we have 

1 being the lever arm of the couple. 
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Integratiii-' ■! 



wLicih is tlif • ■■ 
tween tlie • i ■_ . 

The rii;l!- 
in form. A- ■ . 
tive froiri [■; ■■ 
right hii'.r - 

Deflect 1 



rii. 



-r..-^Tna!.'T to any decrease i^ 

..-w Te-are nnknown, althougB 

SF filial to the bending mo 

-v? ■ fiT anv section of a l)eaTn 
r <eT A B (Fig. 25) be the 
. • ■"»* by 



'i*e origin of co-ordinates 
•^ axis of X, as in preced- 



Conii):i 
previcHi- 
unifoi-n' 

nionuMi- 
is, eq. I- 



and \^ 
puiiiJ. 

tl. 

.'I 




r vvr. -will be 2?r7, and the reactions 

i- i»*i-h equal to — id. 

c A'jy «?eetion D, is equal to the 

.. .!;f::.:Mif vertical reaction at A, of 

.. V rih' uuknown couple acting on the 

^.. • .: the unknown couple and snbsti- 

.•J.^_Wjr+-n-+/* ... (44) 
. ^^ n.v-:rxthatfora;=0,-^,:=0,we have C=0, 

-r ^■-=-T^+f'^+/^' . ■ (45) 
^^., ^fee J = «, fo'- ^-^ich ^=0, and we find 
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irtiich is the value of the moinent of the unknown couple 
acting at the left point of support. It is also the value of 
the one at the right point of support, B. 
Writing this value for /a in equations (44) and (45), we have 

EI-^=-2^&+-^af» + 3? ... (46) 

and then by integration, 

Ely = - -^aj» +24^^ +-g-a? + C'. 
W'e find C'=0, and substituting, etc., we get 

^hich is the equation of the curve of mean fibre. 

^flection. — Denoting by^, the maximum value for y, and 
we have 

The corresponding value obtained, from eq. (38), is 

•^""24Er 

^ comparison of tliese values of f shows that by firmly 
fastening the ends of the beam to the points of support in a 
horizontal position, the deflection at the centre is one-fifth of 
what it was when they merely rested on the supports. 

Bending moments. — The curve of the bending moments is 
given by the equation. 

w w 

M ==-^af*— wlx + -Q-P, 

^hich 18 that of a parabola. 
The l)ending moments for oj = 0, and 2?,* are both equal to 

"3" P, and for a; = Z, — -^. The bending moment of the 
eection at the middle point is therefore half that of the section 

at A or B. Assuming a scale, lay off ^5-P, below the line A B, 

f>n perpendiculars passing through A and B. Lay off half this 
value on the opposite side' of the line A^B on a perpendicular 
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r. Tliis gives us three points of -^ 

' r orrex. The perj^endicular throir^ 

^ - ixis of the parabola, and with f 

::i'i the curve may be constructed. 

. :^ iiKHuents cuts the axis of X in t\^ 

- --^- 'C which are I {1 ±, |/J), and at th 

. ^ :o them the bending moments will t" 

^ -.. >jirured in eq. (46) for a?, reduces-^ 

Miiuiniition of this equation sliows tha 

(Pu 
^-. : <ii:ii in -^ at these points. It therefon 

jarv© of mean fibre has a point of inflex 

t^' Nuhies of X, that is, the curve change 

- I •»oing concave to convex, or the reverse 

^ -.iHiiis on the unit of area produced by the 

. % 11 bo in the cross-sections at the ends" anc 

sci- liiilf of the cross-section at the middle 

. .. v:ivi rho lower halves of these at the points oi 

.^. .ii,, xti ciiu. The expression for the shearing force is 

o = -J— = tox — wl, 

^* -to ;ui oq. (35), and its values may be repre 
1 .ti:Mari*8« oiF a right line which passes tlirougt 

« " ". . 

. :./ Kvncentrated andjpl^aced at the mnldle. 

.:iMvl A being uniformly loaded, the beam wa« 

»^ .1 single load, 2W, at the middle point, the 

,..ii:, disivgjirding the weight of the beam, would 

M = - W a -f /^ 
. .v\v^ Miiiilar to that just followed, we would find 

^ v ^^ ..• 'A*« v*f the mean fibre from A to C. 
K ..,,.0-.i *'»i dotlootion will be 

W 
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which 18 eqnal to one-fourth of that obtained, with a load at 
the centre, when the ends of the beam are free. It is also 
seen that the deflection caused by a concentrated load placed 
at the middle of the beam, is the same as that caused by 
donble the load uniformly distributed over the whole length. 
If the beam was loaded both uniformly and with a weight, 
2W, the results would be a combination of these two cases. 



Beam loaded vmiformly^ fixed at one endy and resting on a 

stijjfport at the other, 

184. Let A B (Fig. 26) represent the beam in a horizontal 
position, fixed at the end, A, and resting on a support at the 
endB. 




Fig. 26. 

Adopting the notation used in previous case, we have iwl 
^^t- the total load on the beam. 

The I'eactions at A and B are unequal. Represent by R^ 
^l^e reaction at A, and by fi the moment of the unknown 
^nple at A. We have 



ElS=-K.a' + ^+A* 



flence by integration, 



das 



(49) 



EI ^ = -■ iE.a!'+ -^ar* + /«!, C = (50) 



dx 



6 



a? 



Ely = - iR.a)'+ -^z'+ /» -j, 0'= (51) 

^ The bending moment at B is equal to zero, hence for x = 2Z, 
^ will be and eqs. (49) and (51) reduce for this value of x to 



to 



= -Ri2Z + ~(2Z)» + /A 



(52) 



w 



0=-iRi(2y+^(20«+/*i(2?)» . (53) 



8 
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Combining these we find 

Hence the reaction at B is ^w (21), 

Substituting these vahies for E, and /^ in eg. (49) the bcxi.<3- 
ing moment at any point, shearing strain, and curve of mo^i-^ 
fibre can be fully determined. Placing the second meml>^r 
of eq. (49) equal to zero, and deducing the values of a?, the^-^^ 
will be the abscissas of the points of inflexion, and' by placi 
the second member of eq. (50) equal to 0, the abscissa 
responding to the maximum ordinate of deflection may 
obtained. The curve of bending moments, etc., may be 
termmed as before. 



Beam resting on three points of sujyport in the same A<w 

zontal straight line. 



185. Let it be required to determine the bending 
shearing strain, and equation of mean fibre of a sinjr* 
beam resting in a horizontal position on three points ofsvr 
porty eOfCh segment being uniformly loaded. 

Let ABC (Fig. 27) be the beam resting on the three point^^ 
A, B, and C. 



^ 



B 



SL. 



Fig. 27. 

Let us consider the general case in which the segments 
unequal in length and the load on the unit of length dif- 
ferent for them. 

Let ^ = A B, and w^ the weight on each nnit of its length, 
V= BC,and w' the weight on each unit of its length^r 

R„ K,, R„ the forces of reaction at the points of Bupport^ 
A, B, and C, respectively. 

Take A B C as the axis of X and A the origin of coordinates 
with y positive downwards as in the other cases. 

First, consider the segment A B, and let D be any sectioa 
whose abscissa is x. 

Since the reactions at the points of support are nnknown, 
they must be determined. 
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e have 

Elg=-E^^l^ . . .(54) 

LritegratiDg, we get 

El|=-iR,«.+^ + C. . . (55) 

L^t 6> represent the angle made by the curve of mean fibre 
with the axis of X at B, then for x = l we have/^ | = tan w, 
whence 

Eltan<tt=-iEi^ + |M??+C. . . (56) 

Subtracting from preceding equation, member by member, 
we have 



EI 



(^-tana>) = -iEiaj»+|ww?+lEi?-|t<??. (57) 

Int^rating eq. (57) we get 

EI(y-ajtan ©)= - 1 Uypf 4- ^V^a^-f \B^Vx — \wl^x. (58) 

the constant of integration in this case being equal to 0. 

If in eq. (54) we make a? = Z, and denote the bending mo- 
ment of the section at B by /a, we have 

A*=-EiZ+-^ .... (59) 

I^ e<l. (68) make a = Z, hence y = 0, and we have 

EItan(i»- jEiP + ^«?? + lRi?-|2^??=0 . (60) 

ly oniittinff common factor L Combining this equation with 
"^precedmg one and eliminating Ei ana reducing, we get 

EItan<tt = iZ/A-^t£?? . . (61) 

whch expresses the relation between the tan c» and /a. 

Going to the other segment, taking C as the origin of co- ' 
^winatea and calling m positive towards B, we may deduce 
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Bimilar relations between the bending moment at B and iJ:ie 
tangent of the angle made by the mean fibre at B with t^lne 
axis of X. Since the beam is continuous, these curves s^^^ 
tangent to each other at the point B, and the angles made l^y 
both of them with the axis of X at that point are measured t>y 
a common tangent line through B. Therefore, the angles 
supplements oi each other and we may at once write the (^ 
responding relation as follows, 

-EltSLnw = irfi-^w'P . . . .(62) 

Since, for equilibrium, the algebraic sum of the extraneo*^^-® 
forces must be equal to zero, we have 

wl+wr—Ri—Ri—B^=0 . . . (63) 

and since the algebraic sum of their moments with respect t:^ 
any assumed section must be equal to zero, we have for tJ^^ 
moments taken with respect to the section at B, 

\y.l+wTx^ = R,xV+wly.L. . .(64) 

These last four equations contain four unknown quantities^ 

El, Ii2, Us, and tan G>. 

By combining and eliminating, their values may be found- 
Combining equations (63) and (64), and eliminating tan o>, w© 
have 

/* = i — ^-:j7^/ — . .... (65) 

The bending moment of any section, as P, is from equa- 
tion (54) 

hence for a? = ?, we have M equal to the bending moment at 
B, which has been represented by /a, or eq. (59) 

from which we get 

wl fi wl .wJ^+w'P f^g^ 

^ = T-T=T^~*T(ZT7T- '^^^ 

In a similar way, the value of E, may be founJ. These 
values of Ri and l4 substituted in eq. (63), will give the valne 
of R,. 
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The external forces, all being known, the bending moments, 
>¥ taring strain, and equation of mean fibre may be deter- 
i Tied as in previous examples. 
1186. Example. 

The most common case of a beam resting on three points 
support, is tlie one in which tlie beam is uniformly 
loaded throughout and the intermediate support is placed at 
middle point. 
In this case, 1=^1' and w = w\ Substituting these values, 
the expressions for /a and Ri, we have 

IL=.\ wJ?^ and Ri = f w?^. 

The reaction at the middle point will therefore be 

^wl or |^(2Z). 

Substituting the value of Ri in eq. (54) we obtain the bend- 
moment for any section. 
In the case of a beam resting on two supports. Fig. (22J, and 
having a weight uniformly distributed along its length, it hag 
"been 3iown that each support bears one hali of the distributed 
load; and that the deflection of the mean fibre at the middle 
point, represented by /^ is the same as the beam would take 
'were f ths of the load acting alone at the middle point. In 
the latter case the pressure upon a support, just in contact 
with the beam at its middle point, would be zero ; and if the 
support were to be raised so as to bring the middle of the 
beam into the same right line with the extreme supports, 
tho. intermediate support would evidently sustain the total 

SrcBSure at C to which the defiection was due, and which was 
ths of the entire load ; hence tlie reaction of the middle sup- 
port will be equal to f ths. This conclusion agrees with the 
result determined by the previous analysis. 

Each segment of the beam in this case might have been ' 
Regarded as a beam having one end fixed and the other rest- 

^S on a support; a case which has already been consid- 
ered. 



Theorem of Three Moments. 

I8r. From the preceding, it is seen, that the reactions at 
^e points of support can be determined whenever we know 
™e randing moments at these points. These moments are 
'^^ly found by the " theorem of three moments." 

Thi» theorem has for its object to deduce a formula express- 
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lug the relation between the bending moments of a bean: 
at any three consecutive points of support, by means of whid^^ 

the bending moments at these points may be obtained, with 

out going through the tedious operations of combination an^ 
elimination practised in the last example. 

Take any three consecutive points of support, as A, B, aa 

A I B /^ c 

Fig. 28. 

C, Fig. (28), of a beam resting on n supports. Denote by } 
and I , the lengths of the segments, A B and BC^w and "t^'^ 
the weights on each unit or length in each segment ^xx^ 
Ml M2 Mg, the bending moments at these points. A, B, C. 

The formula expressing the relation between these bendi^'^fi 
moments is 

M,l + 2M,{1 4- ^0 + W = iwP + iwT\ (67) 

In every continuous beam, whose ends are not fixed, t^^^® 
bending moments at the end supports are each equal to ze*^^^^' 
Hence, by the application of this formula, in any given c 
as many independent equations can be formed as there 
unknown moments, and from these equations the mome 
can be determined. 

188. The demonstration of this theorem depends upon tt''^ ^ 
principle, that the bending moment at any point of auppo:^^^ j 
whatever^ and the tangent of the angle m,ade by ike TUiutre^^^^^^ 
fibre with the horizontal at that pointy may be expressed ^^ 
functions of the first degree of the bending m/)merU at 
preceding point of support^ and the tangent of the ang^ 
made by tKe neutral fihre with the horizontal at mat point. 

Let A B (Fig. 29) be any segment of a beam resting on 
supports, A the origin, A X and A Y the axes of co-ordin 
and Ml and M2 the bending moments at A and B. 



Fig. 29. 



The applied forces acting on the beam and the reaction^ 
are taken vertical and in the plane of the mean fibre. 
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^The external forces wMch act on the beam to the left of 
the support, A, raay be considered as replaced by a resultant 
moment and a resulting shearing force, without disturbing 
the equilibrium. This resultant moment, represented by Mi, 
is equal and opposite to the moment of the internal forces 
*t the section through the support A ; the vertical force, 
J^^hich we represent by Si, is equal and opposed to the shear- 
ing force at this section. 

Ilepresent by /^ the algebraic sum of the moments of the 
external forces acting on the beam between A and any section 
fts D, whose abscissa is x. 

Then from eq. (24) we have 

Elg = Mi + /i + Siaj . . . (68) 

Denoting by ^ the angle which the neutral fibre after de- 
flection makes with the axis of X, at A, and integrating, we 
*^ave 

£1 (^ ^ tan A = M,x + ffidx + iS^ct?. (69) 



Representing the quantity / fidx by M' and integrating, 
have 

] 




EI(y - a? tan <^) = iMiO? + / Wdx-i-^S^a?. (70) 



In these three equations, make a = ? and denote by N, Q, 
^kud K what /a, M', and fWdx become for this value of aj, 

^nd by « the angle made by the curve of mean fibre with 

the axis of X at B ; noting that for a? = Z, EI ^ = M^, we 

liave 

M, = Mi-fN + Si?, 

EI (tan « - tan <^) = Mi^ + Q + iSiP, }. (71) 

— EKtan ^ = iM/ + K + ^S/. 
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Combining the first and third, and then the second and third 
of these equations and eliminating S^, we have 



|Ma? + EK tan <^ = - iU 
iEUtano^ + )EEtan<^ 






In these equations, N, Q, and K depend directly upon the 
applied forces, and are kiiown when the latter are given. 
But Ml, Mj, tan (f> and tan a> are unknown. 

An examination of equations (72) shows tliat M^ and tan m 
are functions of the first degree or Mi and tan ^, whatever 
be the manner in which the external forces are applied. 

Let us impose the condition that the system of rorces actiufi^ 
on the beam shall be a load uniformly distributed over eacn 
segment, and denote bj w the load on a unit of length of the 
segment A B. 

j'or this case we have 

M' = ^waf, 

J ildx = -i^fiJoa^y 


and in these, by making » = Z, we have 

Q = iw??, 

Substituting in equations (72) these values for N, Q, and K| 
we have 



6EI 



Ma = — 2Mi — -7-- tan^-\- itoP, 
tan © = — 2 tan — J gj Mj + iVgT' 



(73) 



which agree with the principle already enunciated. 

189. To deduc3 formula (67), let A, B, C (Fig. 28) be any 
three consecutive points of support of a beam resting on n 
supports. 
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From the first of equations (73) we may at once write 

^d by considering x positive from B to A^ and giving the 
proper sign to tan <f> , we write 

"Ml = - 2Ma + -y- ^n<^' + iwP. 

Multiplying these respectively by Z' and by Z, and adding 
thorn togetner, we have 

MiZ H- 2Ma(Z 4- V) + M^' = Jt/)? + Wi'^y 

^bich expresses the relation between the bending moments 
for any three consecutive points of support, and is the same 
as formula (67). 

By a similar process we can find an equation expressing 
tte relation between the tangents of the angles taken at the 
^bree points of support. 

Applications of Formula (67). 

190. 1st Case. — Beam, in a horizontal position^ loaded 
^}^<yrmly^ resting on three points of support^ the segm^ents 
^^gr of equal length. 

Ill this case, we have V = Z, t^' = to, and Mi and Mb each 
®^^al to zero. Substituting these values in eq. (67), we get 

2(2QM8 = i(2t^P), 
^hen* 



Ma = \mT^, 
The l>^nding moment of the section at B is, eq. (57), 

wheuc^ we get for the reaction at A, 
waich is the same value before found. The reaction at C is 
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the same, aud that at B can now be easily determined, fcom 
the equation, 

Knowing all the external forces acting on the beam, the 
bending moment at any section, the shearing strain, etc., can 
be determined. 

191. 2d Case. — Beam in a horizontal position resting on 
Jburjpoints oj^ support 

Ordinarily a beam resting on four supports is divided 
into three unequal segments, the extreme or outside ones 
being equal to each other in length, and the middle one 
unequal to either. 

Ir we suppose this to be the case, represent by A, B, C, and 
D the points of support in the order given. The bending 
moments at A and D are each equal to zero. To find thoee 
at B and C, take the general formula (67) and apply it firflt 
to the pair B C and B A, and then to the pair C B and C D,and 
determine the bending moments from the resulting equa- 
tions. Having found them, the reactions are easily found; 
and knowing all the forces acting on the beam, the bending 
moments, shearing strains, and curve of mean fibre may be 
obtained. 

192. 3d Case. — Beam in a hoi^zontal position resting on 
Jive points of support^ the segments being equal in length. 

When the number of supports is odd, the segments are 
generally equal in length, or if unequal, they are symmetri- 
cally disposed with respect to the middle point. 

Ir the beam be uniformly loaded, it will only be necessary 
to find the bending moments at the points of support of either 
half of the beam, as those for corresponding points in th0 
other half will be equal to them. 

Suppose the case of five points of support 

Let A, B, C, D, and E be the points ot support, C being the 
centre one. Represent by I the length of a segment, w the 
weight on a unit of length, Mj, Ms, !&^, the bendmg moments 
at B. C, and D, and the forces of reaction at A. B, and C, by 
Ri, K2, Rs respectivelv. From the conditions or the problem, 
Mg is equal to M4, and the reactions at A and B are equal to 
the reactions respectively at E and D. f 



8TRAINB IN BEAM& 128 

Applying formala (67) to the first pair of segmentfl, we have 

4ZM3 + Ms = iwP, 
and applying it to the eecond pair, BC and CD, we get 

In these equations, making M* equal to Mj and combining 
the equations, we find 

M, = j^wPj and Ms = r^wP. 

The external forces acting on the first segment, AB, to turn 
it around the section at B, are — Ri and wl. Hence we have 

-E^i + iwP = Ma = ^wP, 
whence 

El = i^wl. 

The external forces acting to turn the segment A C or half 
the beam around C are the reactions at A and B and the loads 
on the two segments A B and B C. 

The algebraic sum of the moments for the section at C is, 

- Ri2l - R^ + iwP + iwP = M, = :^wP. 

Substituting in this the value just found for R^ and solving 
with respect to Rj, we get 

Rj = ^wl. 

The sum of the reactions is equal to the algebraic sum of 
the applied forces, hence, 

Ri + Ra + R, + R^ + R5 = 2Ri + 2R8 + Rs = 4w7Z, 
in -which substituting for Ri and Rj, their values, we find 

R5 = i^wl. 

The external forces acting on the beam are now all known, 
and hence the bending moments, shearing strain, etc., may be 
determined. 

193. 4fm Cask. — Beomi in a horizontal pofiition^ resting on 
n points ofsv/pport^ the segments being equal in length. 

If the beam be uniformly loaded, it will, as in the last case, 
only be necessarv to find the bending moments at the points 
of support of eitner half of the beam. ^ 
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If n be even, the reaction of the ^/i*** and (^n+l)** support 
will be equal: if /i be odd, the i{n-{-l) will be the miadle 
support, and the reactions of the supports equidistant fi'om the 
middle point will be equal. 

The formula for the segments would become, n being eves^ 

4M3 + Ma = iwP, 
Ma + 4M8 4 M4 = iwPj 

Mj^ + 4Mj„+i-h Mj„ +a = iwP. 

In the last ea nation, Mj^ + i and Mj„ + 2 would be equal 
respectively to M^n and Mj„ _ 1. 

From these equations, E^, K3, E,, . . . E^ could be obtained 

General Example. 

194. 5th Case. — Bea/m in a horizontal position resting (m 
n -f 1 points of support, segments unequal in lenglli, and 
imiform load on unit of length being different for each 8^ 
ment. 

Represent the points of support by Aj A, A, . . . A^ A«*b 
and the respective bending moments at these points cJ 
support by Mi, M,, M,, .... M„, M„ + 1. Eepresent the 
length of the segments by Zi, Z„ Z„ . . . . /„ and the respective 
units of weight on the segments by Wu t^„ t^„ . . . . to^. 

The bendnig moments M^ M„ + i being those at the ex- 
tremities, are each equal to zero, and thei*ef ore there are only 
n— 1 unknown moments to determine. Applying eq. (67) suc- 
cessively to each pair of segments, we obtain ti — 1 equations 
of the first degree with resppct to these quantities, which 
by successive eliminations give us the values of the moments, 
M.,M., M„. 

These equations will be of the following form : 

2 (^i + i.) M. + Z.M. = i (M» + w.;.*) 
Z,M. + 2 (Z, + y M. + Z.M. = i KZ; + w^l,*) 

Z».lM«.l + 2 (Zn-1 + ?»)M„ = iK.l?n-l + «^»?«). 

From these equations, the reactions at the points of sup- 
port can be determined, and knowing all the external forces 
the strains on the beam may be calculated. 
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TORSION. 

195. In fig. 9, if the plane C D rotates around some axis 
^rpendicular to its plane, the section A B, being fixed, the 
ubres are said to be subjected to a strain of torsion. 

Whenever a beam has one of its ends fixed (Fiff. 30), and 
IB acted upon by a system of forces among which is a couple 
acting in a plane perpendicular to the axis of the beam, a 
Btrain of torsion on the fibres of the beam follows. 



«A 



& 



o 

Fio. 80. 




Fio. 81. 



The couple acting in the plane of cross-section tends to 
tnm this plane about some axis perpendicular to it, and to 
twist the fibres of the beam from their straight directions 
.into lines ^^hioh are helloes. 

Let C D be any cross-section of the beam at a distance x 
from the free end, and suppose the applied forces acting in 
the plane of the end section at F. The twisting action pro- 
duccNl by the moment of the couple at F is transmitted from 
section to section until it reaches C D. In the section, 
C D, supposing it to be fixed, the resistances will act as a 
couple wnose moment will be directly opposed to the mo- 
ment of the couple at F. 

Represent by a the angle made after twisting, by two lines 
drawn through the centres of the cross-sections at C D and at 
F ; which lines were in the same meridian plane before the 
twisting force was applied. This angle is assumed to var}% 
directly with the distance between the sections. Represent 
by /8 the angular change for a unit of length. 

Assume as the pole, Z as the fixed line, r and v the co- 
ordinateSy of a system of polar co-ordinates in the plane of 
cro60^9ection, C D« (Fig. 31.) 

Any elementary area^ as a, of this section ia 



rdrdv. 
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The resistance offered by this elementair area is by 
thesis directly proportional to its area ; to the angular 
P ; and to its distance, r, from the axis of rotation. 

The resistance of this area will be, from these hypothe 

a X r^G', or r^drBdv x G', 

in which G' is a constant depending upon the material and ^> 
to be determined by experiment. 

This resistance acts perpendicularly to r, and its mom^ 
with respect to the axis through is 

G'pr'drdv. 

The total moment of the resistances will be 



\^Q'^J J^drdv. . . . (74) 



M 

Represent the moment of the couple acting at F by F' x X^ 
and we have 



a'pff7»drdv^T\ . . . (76) 



in which X is the lever arm. 

This expression / / r^drdv is called the polar moment 

of inertia ; that is, the moment of inertia of a cross-section 
of the beam about an axis through its centre and perpendicu- 
lar to the plane of cross-section. 

Representing it by L and supposing the plane in which 
the resistance is considered is at the distance I from the 

applied force, we have, since )8=—-, 

c 

G'Jt^ = F'\. (76) 

If the cross-section is a circle, we have Ip = iirr'*, r' be- 
ing the radius of the circle. Substituting and solving with 
respect to G', we have 

2F'\ I 
G' = — Ti X -J .... (77) 

from which the value of G' may be found. 



TORSION. 
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Values of 0\ 
196. General Morin, in his work on strength of materials, 



gives the vahies for G' for different materials. 
The following are some of the vahies : 

Wrought iron G' = 8,533,700 lbs. 

Cast-iron G' = 2,845,000 lbs. 

Cast-steel G' = 14,223,000 lbs. 

Copper G'= 6,210,000 lbs. 

Oak G' =: 569,000 lbs. 

Pine G' = 616,000 lbs. 



Rupture by Twisting. 

197. It is assumed that the strain upon any fibre of the 
\iesktn varies directly with its distance from the axis of tor- 
sion. ; and that the sum of the moments of the resistances of 
the fibres is equal to the sum of the moments of the twisting 
forces. 

Represent by T' the modiilus of torsioD, or the stress on 
the unit of cross-section where the fibres begin to tear apart 
nnder the action of the force of torsion. From the hypothe- 
sis, this unit will be the one farthest distant from the axis of 
torBion. 

^se the notation of the last article for the other quantities, 
*nd wro have 

■f'^ drdv== the twisting stress on the fibre farthest dis- 
^^ from the axis of torsion, 
^pr-esent by d the distance of this fibre from this axis, and 

J-^ ^irdv = the twisting stress on the fibre which is at a 

nnit 8 c3^iBtance from the axis of torsion. This expression mul- 
JP'ied by r gives the twisting stress on any fibre of the 
oeam • and multiplying this product by r will give the mo- 
^ent <:>:f resistance of any fibre to torsion, or 



T' 

-r= r*dr dv. 

Henc^ we have 



%ff^drdv = Y\ . • . (78) 
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or 

Solving with respect to T' and we have 

r = F'\ X ^, . . . . (79) 

from which the values of T may be found. 

Substituting for d and Ip, their values where the c 
section is a circle^ and we get 

INFLUENOB OF TBBflPXIRATUBB. 

198. The influence of changes in temperature, especial ^^ 
in the metals, forms an important element to be consider ^^ 
in determining the amount of strain on a beam. 

If the beam is free to move at both ends, there will be 
strain in the beam arising from the changes of temperature^ 
if the ends are fixed, there will be, and these strains must ~ 
determined. 

The elongation or contraction produced by the changes o^ 
temperature is known for the different metals. The araoun 
of strain upon the unit of area will be the same as that p 
duced by a force elongating or contracting the beam 
amount equal to that resulting from the change of tempera — "^ 
ture under consideration. 




CHAPTER VIL 
STRENGTH OF BEAMS. 

PROBLEMS. 

199. The object of the previous discussions has been to find 
the strains to which a beam is subjected by certain known 
forces applied to it. 

The problems which now follow are : 

Knowing all the external forces acting an a heam^ to d&' 
termine the form and dimensions of its crosssecHoHf so thai 
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^ etrcdn on the unii of surface shall at no point he greater 
tf^n ike limit allowed; and knowing the fonn and dimen- 
sions of the cross-section of a beam^ to aetennine tJis load 
tohich it ynll safely bear. 

There are two ca^^es ; one is where the cross- section is con- 
Btaut throughout the beam ; and the other is where it varies 
from one point to another. 

Ift OA8II.— BEAMS OF UNIFORM OROSB-SSOTION. 

200. Strength of beam strained by a tensile force. 

W be the resultant force whose line of direction is in 
the axis of the beam and whose action is to elongate it. 
from the equation preceding eq. (5), we have 

W 

-— = the stress on a unit of cross-section. 
A 

Inowing the value of T for different materials, a value less 
thcui T for the given material is assumed for the stress to be 
allowed on the unit of cross-section. Assuming this value of 
^^ stress and calling it T^, we have 

W 
A = Y, (80) 

Trom which, knowing the form of cross-section and its area, 
^e problem can be solved. 

Sappose the form to be rectangular, and let b be the 
^iWth and d the depth. Then 

W 
A = bxd, or bd:= —; 

i-i 

^i^ which, if b be assumed, d can be determined, and the con- 

"^eree. 

The solution of the reverse problem is evident Knowing 

A and Ti, the value of W, or the load which will not produce 

& stress greater than T^ on the unit of area, is easily deter- 

Quned. 

201. Strength -when strained by a oompressive fbree. 
For all practical purposes, it is assumed sufficiently exact 

for short pieces to apply the methods just given for tension, 
substituting Ci for Ti ; the former being the assumed limit of 
oompressive stress on the unit of area. When the pieces are 
longer than five times their diameter, they bend under the 
emshine load and break by bending, or by bending and 
bj cmahing. 
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Kankine ffives the following limits of proportion between 
length and aiaraetcr, within which failure by crushing alone 
will take place, and beyond which there is a sensible ten- 
dency to give way by bending sideways. 

Pillare, rods, and struts of oast iron, in which the length^ 
is not more than live times the diameter. 

The same of 'wrought iron, not more than ten times the 
diameter. 

The same of dry timber, not more than twenty times the 
diameter. 



202. Formulas for obtaining the strength of oolumz&B 
or pillars "^^hose lengths are greater than five times tbe 
diameter of oross-seotion, when sulyeoted to a oompras* 
sive strain. 

The formulas deduced by Mr. Hodffkinson, from a long scripts 
of experiments made upon pillai-s or wood, wrought iron, aim^i 
cast iron are much used in calculating the strength of pilla.: 
or columns strained by a force of compression. 



Hodghin807i^8 Formvlas. 

Table for finding the strength of pillars, in which 
W = the breaking weight, in tons of 2,000 pounds; 
L = the length of the column in feet ; 
D = the diameter of exterior in inches; 
d = the diameter of interior iu inches. 



Nature of column. 



Solid square pillar of 
red cedar (dry). . . . 

Same of oak (Dantzic) 
dry 

Solid cylindrical col. of 
wrouirht iron .... 



Solid cylindrical col. of 
cast iron 



Hollow cylindrical col. 
of cast iron 



Both ends being round 
ed, length of column 
exceeding 15 times 
its diameter. 



a 



u 



W = 47.9 



I>t-Ti 



W = 16.6 






W = 14.5 



D«-»«— <!■•»• 



L>' 




Both ends being 
the length of colui*=»n 
exceeding 80 tin»-^Bi 
its diameter. 



W= 8.7 






W = 12.2^ 



W = 149.7 






W = 49.4^ 



W = 49.6 



!>• 



Lit 



ersssoTB ov fiixabs. 
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,u the colntnn be shorter than that given in the table, and 
mote than five times its diameter, the strength maj be deter- 
uuned by the following formula : 



W = 



WAO 
W'+fAO 



(81) 



in which W= the breaking weight, computed from the 
formulas in the above table ; 

C = the mod alas of crushing in tons ; 

A = the cross-section in square inches ; and 

W = the strength of the column in tons. 



QordorHs Formulas. 

These are deduced from the same experiments, and are as 
folio wfl : 

Solid Pillabs. 



^^Xieg^ction a square, 
^f cast iron • • . • W = 



80,000 A 



1 + 



T 



266 J^ 



rvp ,.. ^ 36,000 A 

^^ wrought iron , , W = .j 



1 + 



3,000 V 



. (82) 



Hollow Pillabs. 

**X3uIar in cross-section. 

r»< *• -or 80,000 A 1 

vjf cast HOD. . . . . W = -^^-1^^- 

400 <? 
Of ^nought iron . . W = ' m 

poo^. 



1 + 



• • 



.(83) 
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CroBs-section a squaro. 
Of cast iron . • • 



^_ 80,000 A ^ 



1 + ^ 



533 tf» 



Of wrought iron 



y^,__ 36,000 A 
1 + 



(84) 



6,000 J* ^ 
in which, 

W = the breaking load in pounds ; 

A =s the area of cross-section in square inches ; 
I = the length of the pillar in inches ; 
b = the length of one side of the cross-section ; and 
d = the diameter of the outer circumference of the base. 

These formulas apply to jpillars with flat endsy the endt 
being secured so that they cannot move laterMy and the load 
uniformly distributed over the end surface. In the hollow 
(H)lumn8, the thickness of the metal must not exceed \ of 
outer diameter. 



Mr. C. Shaler SmitKs Formula* 

This formula is deduced from experiments made by Mr. 
Smitli on pillars of both white and yellow pine, and is 



y^_ 5,000 



1-h- 



.004 



(85) 



in which b and / are in inches, and represent the same quanti- 
ties as in the precoiling fonnulas. W is the breaking load 
lui the squaro inch of cixiss-^ectiou in pounds. 

2(K). Mr. lKHl£rkin^>n, in summing np his conclnuons de- 
rivoil fn>m the ox|M>rimont$ made bjThim on the Btrengtfa of 
pillai^ stsitoil that : 

*^ 1st* In all long pillars of the same dimensions, the resist- 
anco ti> crushing l\v llexurt> is about three tiroes greater when 
tho ends of the pillars aiv tlat than when they are rounded. 

*^ dd. Tho strength of a pillar^ with one end nmnded and 
the <H)ior llal^ is tho arithmetical mean between that of a 
pillar of the sanH> dimensi^^s with both ends round, and one 
with U>th ends Aat. Thus of three cylindrical pillare, ail of 
the same lei^h and diameter, ike first harii^ both its endi 
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rounded, the second with one end rounded and one flat, and 

^he third with both ends flat, the strengths are as 1, 2, 3, 
nearlv. 

**3d. A long, uniform, cast-iron pillar, with its ends firmly 

fixed, whether by means of disks or otherwise, has the same 

power to resist breaking as a pillar of the same diameter, and 

ialf the length, with the ends rounded or turned so that the 

force would pass thi*ough the axis. 

** 4th. The experiments show that some additional strength 
ifi given to a pillar by enlarging its diameter in the middle 
p^irt ; this increase doe^ not, nowever, appear to be more than 
one-seventh or one-eighth of the breaking weight." 

Similar pillars — " In similar pillars, or those whose length 
is to the diameter in a constant proportion, the strength is 
nearly as the square of the diameter, or of any other linear 
dimension ; or, in other words, the strength is nearly as the 
area of the transverse section. 

" In hollow pillars, of greater diameter at one end than the 
other, or in the middle than at the ends, it was not found that 
any additional strength was obtained over that of cylindrical 
pillars. 

*' The strength of a pillar, in the form of the connecting 
rod of a steam-engine " (that is, the transverse section pre- 
senting the figure of a cross +), "was found to be very 
small, perhaps not half the strength that the same metal 
would nave given if cast in the form of a uniform hollow 
cvlinder. 

" A pillar irregularly fixed, so that the pressure would be 
in the direction of the diagonal, is reduced to one-third of its 
strength. Pillars fixed at one end and movable at the other, 
as in those flat at one end and rounded at the other, break at 
one-third the length from the movable end ; therefore, to 
economize the metal, they should be rendeied stronger there 
than in other pai*ts. 

" Of rectangular pillars of timber, it was proved experimen- 
tally that the pillar of greatest strength of the same material 
is a square." 

Xjong-oontinued pressure on pillars — "To determine 
the effect of a load lying constantly on a pillar, Mr. Fairbairn 
bad, at the writer's suggestion, four pillars cast, all of tlie 
same length and diameter. The first was loaded with 4 cwt., 
the second with 7 cwt, the third with 10 cwt., and the fourth 
with 13 cwt. ; this last load was -f^ of what had previously 
broken a pillar of the same dimensions, when the weight was 
carefully laid on without loss of time. The pillar loaded 
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with 13 cwt. bore the weight between five and six montE:*^ 
and then broke." 



STRENGTH OF BEAM TO BE8IBT A SHEARING FOBCB. 

204. It has been shown that the transvei'se shearing stra^ ^ 
varies directly with the area of cross-section, and that we hav^< 

S' = AS, 

in which S is the moduhis of shearing. Assuming a Talix.^ 
which we represent by Sj less than S for the given materia.^, 
and we have 

W = ASi, 

in which W is the force producing shearing strain and Si th^^ 
limit of the shearing strain allowed on the unit of surfac^^ 
Knowing the form of cross-section, the dimensions to giv^S 
the cross-section are easily obtained. 

TRANSVERSE STRENGTH OF BEAMS. 

205. The stress on the unit of area of the fibres of a beaim^ 
at the distance y from the neutral axis, in the case of trans — - 
verse strain, is obtained from eq. (21), 

y 

As previously stated, the hypothesis is that the strain on 
the unit of area increases as y increases, and will be greatest 
in any section when y has its greatest value. That unit of 
area in the section farthest from the neutral axis will there- 
fore be the one that has the greatest strain upon it. Now 
suppose M to be increased gradually and continually. It 
will at length become so great as to overcome the resistance 
of the fibres and to produce rupture. Since the material is 
homogeneous, and supposed to resist equally well both ten- 
sion and compression, the strains on the unit of ai^ea at the 
same distance on opposite sides of the neutral surface are 
considered equal. 

Representing by R the stress on the unit of area farthest 
from the neutral surface in the section where ruptnre takes 
place, we may write 

RI 

y = M', (86) 

in which M' is the bending moment necessary to produce rup- 
ture at this section. 
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'When the cross-section is a rectaogle, in which b is the 
breadth and d the depth, I is equal to -iV^> ^^^ ^^^ greatest 

^alue of y is Q ; substituting these values in eq. (86) we have 

for a beam with rectangular cross-section, 

E X iJtP = M'. (87) 

« 

The first member is called the moment of rupture and 
its value for diflFerent materials has oeen determined by ex- 
periment 

These experiments have been made by taking beams of 

lown dimensions, resting on two points of support, and 
l>:ireaking them by placing weights at the middle point. 

From equation (87) we have 

==ji <»»' 

• 

i^^~^ which, substituting the known quantities from the exper- 

^ '•"Tient, the value of K, called the modulus of rupture, is 

^^Vitained. 

^^ These values, thus obtained, are especially applicable to all 

^^ams with a rectangular cross-section, and with sections that 

^^ not differ materially from a rectangle. Wliero other 

^~^^:x)S8 sections are used, special experiments must be made. 

206. In a beam of uniform cross-section the strains on the 

different sections vary, and that particular section at which 

the moment of the external forces is the greatest is the one 

Vhere rupture begins, if the beam break. This section most 

liable to break may be called the dangerous seotion. 

In rectangular beams the dangerous section will be where 

the moments of the straining forces are the greatest. 

Let W denote the total load on a beam, and I its length, we 

have for the greatest moments in the following cases : 

M =Wlj when the load is placed at one end of a beam, and 

the other end fixed. 

wl 
M=-^ X Z = iW/, for the same beam uniformly loaded. 

W I 
M = -^ X ?:= JWZ, when the load is placed at the middle 

point of a beam resting its extremities on supports. 
M = -^ X i ^ = JWZ, for the same beam uniformly loaded. 

If a less value than that necessary to break, the beam bo 



(89) 
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toibi^itiited in eq. {SS\ for M', the corresponding valne fc 
will not be that tor tne modulus of rupture, but will me 
\h) tlio strain on the unit of area fartnest from the nei 
axi^ in the dangerous section. Suppose a beam strained 1 
torvo lutw than that which will produce rupture and find 
M tlio corresponding maximum value for each case. S 
biitiitiug tliese in eq. (87), we have 

K'xJ&?»= Wl] 

R'xi&?=iWZ[ 

in which R is the maximum stress on the unit of aref 
tlic dangei\>us section for the corresponding cases of rect 
gular bcaius^ whose maximum moments are given above. 

Thi^Ho formulas show the relations existing between R', 
A^ and d for ivctangular beams under the given circumstan 
and enable us, knowing three of the quantities, to deduce 
tourth. 

Tlius knowing W, J, and d, we find the value of R', 
taultotituting their values in the formula and solving ¥ 

I'OttlHHit to \l\ 

tu tlie same way knowing Wand R', or assuming values 
thiun, we siibstitute them in the formula, and deduce an 
prctifiion tH>ntaining b and rf, in which by giving a value t 
ov d^ tUo other may be deduced, and the two taken toget 
uivu the cn>ss-section which the beam must have in order t 
U*r the ijf iven woiglit, the greatest strain should be equal to 
nn;iinni'd one which would be produced by R'. 

lyuowiug U for the given material, A and e^, we find 

\3ur Viom the definition for R, it would seem, as be! 
•iI^UhI, that it should be equal either to C or to T, depend 
iiiMui wholiuu' the beam broke by crushing or tearing of 
w\K\%. \\\ tact, it is equal to neither, being generally grea 
\\k.\\\, \\\\> aniallor and less than the greater; as shown in 
V *V'i^ Ua- i^uMt iivn, for which 

The mean value of = 96,000 pounds ; 
'rUe mean value of T = 16,000 pounds ; and 
The mean value of R = 36,000 pounds. 

U. lI^^u, instead of taking R from the tables, the value of 
,M V^ W U4iHl, taking the smaller value of the two, the cal 
ii^iy^i aUv^^ifU^ oi the beam will be on the safe aide. That 
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tfie strength of the beam will be greater than that found by 

calculation. 

; Experiments should be made upon the materials to be used 

in any important struqture, to find the proper value for R. 

lu determining the safe load to be placed on a beam, the * 
following values for K' may be taken as a fair average : 

For seasoned timber, R' = 850 to l,20v^ pounds ; 

For cast iron, R' = 6,000 to 8,000 pounds ; 

For wrought iron, R' = 10,000 to 15,000 pounds. 

^^^^LUKNOB OF THB FOBH OF OBOSS-SEOTION ON THE BTBENGTH 

OF BEAMS. 

208. The resistance to shearing and tensile strains in any 
:ion of a beam is the same for each unit of surface through- 
^^^t the section. The same has been assumed for the resist- 
^'^C56 to compi'essive strains within certain limits. Hence so 
^^g as the area of cross-section contains the same immber of 
^^M^erficial units, the form has no influence on the resistance 
^fifei-ed to these strains. 

This is different in the case of a transverse strain. 
We may write equation (21) under this form, 

In this, if we suppose M to have a constant value, P will then 

'Vary directly with the factor -; that is, as this factor increases 

or decreases, there will be a corresponding increase or decrease 
in P. 

Represent by d the depth of the beam, \d will be the 
greatest value that y can have. It is readily seen, that for 
any increase of ^, I will increase in such a proportion as to 

decrease the value of — , and hence decrease the amount of 

strain on the unit of area farthest from the neutral axis. 

Therefore we conclude that for two sections having the same 

area, the strain on the unit of surface farthest from the neutral 

d 
axis is less for the one in which ^ is the greater. 

This principle affords a means of comparing the relative 
resistances offered to a transverse strain by oeams whose ci*06A- 
Bections are different in form but equivalent in area. 
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For example, compare the resistances oflFered to a trai 
v^rso straiu by rectangular, elliptical, and I-girders, w: 
equivalent cross-sections. 

The values of I for the rectangle, ellipse, and I-section i 
respectively, 

1 = ^5e?, I = ^b(P, and I = -^^{biP - J'rf'«). 

Represent the equivalent cross-section by A, and we t* 

have A = bd for the rectangle, A = i;7rbd for the ellipse, a 

A = b{(l—d') for the I-section. The latter is obtained 

neglecting the breadth of the rib joining the two flanges, 

area being small compared with the total area, and by rega 

ing d^=: ad' = d'\ d — d' being small compared with d. 

' \d 

Substituting these values of A in the factor — , and we j 

for the rectangle, -r-^ ; for the ellipse,-—^ ; for the I-section -^ 

Hence we see that — is least for the third, and greatest J 

the second, and therefore conclude that the strain on t 
unit of surface farthest from the neutral axis is the least . 
the I-girder, and its resistance to a transverse strain is grea 
than either of the other two forms. 

Since the quantity A contains b and d^ by decreasing b a 
increasing d^ within limits, the resistance of any particu 
form will be increased. And hence, in general, the mass 
fibres should be thrown as far from the neutral axis as t 
limits of practice jvill allow. 

The strongest Beam that oan be out out of a Cyl 

drioal Pieoe. 

209. It is oftentimes required to cut a rectangular be 
out of a piece of round timber. The problem is to obtain 1 
one of greatest strength. 

Denote by D the diameter of the log, by b the bread 
and d the depth of the required beam. 

From the value 

it is evident that the strongest beam is the one in which i 
has its maximum value. 
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JE^presenting the cross-section of the beam and of the log, 
by a rectangle inscribed in a circle, we have 

I> "being the diameter of the circle. Multiplying by b, gives 

In order to have h(P a maximum, D*— SJ* must be equal to 
zero, which gives 

and this, substituted in the expression for cP, gives 

To construct this value of J, draw a diameter of the circle, 
a-Tid from either extremity lay off a distance equal to one- 
third of its length. At this point erect a perpendicular to 
the diameter, and from the point where it intersects the cir- 
cninference draw the chords joining it with the ends of the 
diaixieter. These chords will be the sides of the rectangle. 

2d OA8B.— BBAMS OF VARIABLE OROSB-SSOTION. 

. 2X0. Beams of unifonn strong^. — Beams which vair 
^^ size so that the maximum strain on tlie unit of area in each 
^^<^tion shall be constant throughout the beam form the prin- 
^■^I>a.l class of this second case. 

Ixi the previous discussions and problems the bar or beam 
l^a^^ with but one exception, been considered as having a 
^^'^iform cross-section throughout, and in these discussions the 
^*^^rnent of inertia, I, has been treated as a constant quantity. 

Since the beams had a uniform cross-section it is evident 

^^t the greatest strain on the beam was where the moment 

^■^ the external forces was the greatest. 

, binding this maximum moment of the external forces, we 

^^tormined the maximum strains and the section at which it 

?^^^^d. If this section was strong enough to resist this action, 

i^ f c>llows that all other sections were strained less and were 

^'S^r than was necessaiy to resist the strains to which thev 

^^^^*e exposed ; in other words, there was a waste of material. 

. The greatest strain on a unit of surface of cross-section 

^^^t^g known or assumed, let us impose the condition that it 

^*^^U be the same for every section of the beam. This will 



— •MH.'tioiis, hence I will vary 
I T'iirticular cuise. 

fqual resistance" when h^o 

■. ;^iveii systcin of extorniil 
i:iit. of area are equal fur 

• --^."1 iiiider the head of tension 
i:* v-f uniform strength to resi>t 
• :>ed could be applied to the 
' >>-:i.»n. 

.. -o^agth to resist a Transverse 
:^triin. 

:icted upon by a force produc- 

"iio cross-section be rcctanifuljir. 

. :viidth and depth of the beam, 

< value of I, and giving to y its 
- ■ . wo have 

■ - .IV <^«> 

. . surface at the distance id from the 

. >«. -v'v-rion under consideration. 

» '. be found in that section for which 

v-cnt this maximum moment by M" 

r , for this value of M" and we have 



;^ 






^ "o!! the maximum vahie of the stress, 
x",:rfarc, pnxluced by the dellecting 

. • < s^i the pro])lcm, the greatest strain on 
.•>t b(* the same f<>r every cross-section. 

•..itv'st stress on the unit of surface in any 
V vJ»MV follows that for a rectangular beam 

:,» ivsist a cross strain, we must have 
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Since P" is constant, b or d, or both of them, must vary as 
JS[ varies, to make the equation a true one ; that is, the area of 
crops-section must vary as M varies. 

We may assume b constant for a given case, and giving 
difFerent vahies to M, deduce the corresponding ones K)r d ; 
or, assuming d constant, do the same for o; or we may assume 
that their ratio shali be constant. 

For the iirst case, 6, the breadth constant, we have 

d=±\^^. .... (93) 

For the second case, d, the depth constant, we have 

M 
* = |F^ ..... (94) 

and for the third, their ratio constant, b = rdy we have 

The assumed values of M with the deduced values of dj 
from eq. (93), will show the kind of line cut out of the beam 
by a vertical section through the axis, when the breadth is 
constant ; and the deducecf values of b, from eq. (94), will 
show the kind of line cut out of the beam by a horizontal 
section through the axis when the depth is constant. These 
hnes will show the law by which the sections vary from one 
point to another throughout the beam. 

As examples take tne following cases : 

212. Cask 1st. — A horizontal beam firmly fastened at one 




Flo. 82. 



end (Fig. 32), and the other end free to move^ strained hy a 
load wiiformly distributed along the line^ A B^ 
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Take B as the orig^in of co-ordinates, B A the axis of X, ^ 
positive downwards, the axis of Z horizontal, and w the weight 



on a unit of length. 



The moment of the weight acting at any section as D is 
-Q-' substituting which for M in the expression (98) for dj 
we have 



/^w 



P"6 

which is the equation of a right line as B D, passing through 
tlie origin of co-ordinates. 

If the depth be constant, the breadth will vaiy from point 
to point, and the different values of the ordinate may be ob- 
tained by substituting this moment for M in expression (94), 
and we have 

which is the equation of a parabola having its vertex at B, 
as in Fig. 33. 




Fig. 83. 



213. Case 2d. — A hcam as in preceding case strained by a 
load, W, con<;entrated and acting at Jiy the weight of the 
beam disregarded. 

The breadth being constant, we have 






F'J 



or 



»»= 



6W 
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which is the equfttion of a parabola, the vertex of which is 
at B. (Fig. 34.) 




Fig. 84. 



xippose the depth constant ; in this case we have 

^^icih is the equation of a right line, and shows that the plan 
^ ^\ie beam is trianffnlar. 

^^^4. Case 3d. — Suppose the beam resting on two supports 
-^^^ ^^^ ^^^ uniformly loaded. 

. V -f^present by 21 the distance between the supports, by w 
*i^ load on a unit of length, and take C (Fig. 22) as the origin 

^^ <5o-ordinates. 

^,T^he moment of the external forces at any section at the 
^^^tance {I — x\ from B will be — iw{P — ar) which substi- 
tuted in eq. (93), gives 

-, Sw ^ SwP 
<P = — ar -^ • 

'^hich is the equation of an ellipse. 
This moment substituted in eq. (94), gives 



h = 



Sw - SwP 



Y"dr Y"d?' 



which is the equation of a parabola. 

215. In a similar way we mdy determine the forms of beams 
of rectangular cross-section, when other conditions are im- 
posed. 

If we had supposed the sections circular, then I = Jth^, 
and this being substituted for I in the general expression for 




144 OIYIL ENGINEEBIKa. 

the stress on a unit of surface farthest from the neutral a: 
a similar process would enable us to determine the form 
the beam. 

Hence, knowing the strains to which any piece of a structi 
is to be subjected, we may determine its form and dimensi< 
such that with the least amount of material it will successfu 
resist these strains. 



BELATION BBTWEEN STRAIN AND DEFLECTION FBODUOED BY 

BENDING FOBOB. 

216. Within the elastic limit, the relation between t 
atest strain on the fibres and the maximum deflection 
beam produced by a bending force, may be easily det( 
mined. 

Take a rectangular beam, supported at the ends and load 
at its middle point. 

The third of equations (S9) gives for this case 

and solving with respect to W, we have 

in which W is the load on the middle point of the beam. 

The maximum deflection produced by a load, 2W, in tl 
case has been found, the length of beam being 22, to be 

/ - * El • 
Sabstituting for I, W, and I, the proper values, we have 

Solving with respect to W, and placing it equal to the val 
of W obtained from eq. (89), we have 

iR'y = 4E— /, 
from which we get 

B' = -^-/. (96) 



OBLIQUE FORCES. 
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e, knowing the deflection and the coeflScient of elasti- 
he maxium strain of the fibres can be obtained and the 



rse. 



FOROES AOnNG OBLIQUELY. 

. The forces acting on the beam have been supposed to 
the plane of, and perpendicular to, the mean fibre. 
J formulas deduced for this supposition are equally 
jable if the forces act obliquely to the mean fibre, 
jpose a force acting obliquely in the plane of the mean 
it can be resolved mto two components, one, P, perpen- 
r, and the other, Q, parallel to the fibre. The com- 
t P will pn)diice deflection, and the component Q, 
ion or compression depending on the angle, whether 
I or acute, made by the force with the fibre. 
I strains caused by each of the components can be deter- 
as in previous cases. 

suppose the force applied in the plane of the axis of 
am, at F (Fig. 35), and let x be the distance to any scc- 
s K, measured on the axis of the beam E F. 





Fio. 85. 



Fig. 86. 



= E F, the length of the beam, and a = the angle made 
axis E F with the vertical. 
10 
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The bending moment at any gection, as K, h equal to 

P X FK, 
or 

Wx sin a. 

The maximum moment will be Wl sin a. 
In Fig. 35 the component Q = W cos a tends to c^mpj 
the beam, and in Fig. 36 it tends to elongate it. 

If the beam is rectangular, the stress upon the unit 

surface in either case is — r-r — , and must be deducted fro 

R' in determining the strength of the beam. 

Hence at the dangerous section for a rectangular beam, 
have 

Wl sin a = i (R' - ^^^^\bcP. . . (97) 

And in general the condition is imposed that the sum ^ayf 
the strains on any unit of surface must not be greater th^^^ 
that found or assumed for the. sti*ain on the unit of surface— ?^ 
farthest from the neutral axis. That is, we should have 

i A 



The shearinof strain on this unit of surface is caused by 

P 

force -r-, hence we should have 
A 

STRENGTH OF BEAMS AGAINST TWISTING. 

218. If the force act outside of the plane of symmetry, >^^^ 
third component, parallel to the axis of Z, is introduced, tend- 
ing to turn the beam about its axis, and to prcnluce a strain of 
torsion if the ends be firmly fastened. This twisting strain 
sliould never be allowed in any of the parts of a structure. 
But if the strain be necessary its amount on the unit of sur- 
face may be deduced by the use of formulas (76) and (79), 
and the proper dimensions of the beam calculated. 

It is sometimes imp(^rtant to find the force necessary to 
break a given cylinder by twisting. 

The following formula, deduced from experiment, may be 
usod, 

W' = T''^, (98) 
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in which T'' = die weight in pounds required to break by 
twisting a solid cvlinder of the same material, one inch in 
diameter, the weight acting at the distance one inch from 
the axis of the cylinder ; d = the diameter, in inches, of 
the cylinder whose resistance to toi-sion is desired ; r = the 
distance in inches from its axis to the point of application of 
the applied force. 

Having found the value of T" by experiment, and knowing 
d and r, W' can be deduced. 

Rolling Loads. 

StrengMi of a beam to resist a moving load. 

219. The action of a stationary load, or forces whose points 
of application are constant during the discussion, have been 
the only kinds of forces (considered in the previous examples. 

Many structures are intended to support loads which are 
in motion with respect to the structure ; as a bridge support- 
inw" a load which comes on at one end and moves off at the 
other. 

These moving loads are called rolling loads, fi-om the 
'banner in which they are placed on the structure, or live 
Joadis, to distinguish them from those which are stationary or 

2^0. Let it be required to determine the strains in the 

case of a beam uniformly loaded, supported at its extre- 

iislt^l^s^ and acted upon by an additional load Tsvhioh rolls 

^'^ "tile beam at one end and off at the other. 

L ^^^ppose this rolling load to be uniformly distributed in a 

"^yi^wntal direction and the beam to be horizontal. 

present by (Fig. 37), • 

SZ = A B, the length of the beam ; 
«/7 = the weight of the uniform stationary load, on the 

nnit of length ; 
-«/= the weight of the rolling load on the unit of 

length ; 
-El R25 the reactions at the points of support ; 

k, the length of the rolling load in any one position ; 

and 
= 2Z — m, the length of that part of the beam not 
covered by the moving load. 
Tlxe reactions at the points of support, due to the unifonn 
10^ on the beam and the live load from A to D, are 

Ki = wl + w'm — 07-^, and M^ = wl + w'm-^ 
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The bencUng niouieiit :il :: . ::ie axes of X and Y, 

1* '-' 



f 



P^ 



The maxinnim nioin'' ■ 

In Fig. 35 the r*ni\\ ^ ^ 

the beam, and in Fi^. .J«i it i. ^ M. 

If the beam i< riM'tjiii'.'' ^ *■ 

\\- A 

surface in either t:ji-« 

R' in detcrmiiiiiiL'* " '" ' 

Ilenee at tl..^ .■:: ^ ^^^^ ^^ g^^^j^^ ^j^^ 

^»^^'^* ,^..^«en A and D, will be 

.. ^u:')-^, .... (99) 
And in Lr" !■ ' 
the strnin-^ .i ^^^ - ^ij B, the abscifisa being a?, 

that fuinnl ■ . 
fartliosr lr..H.. ■ '"-If^Yair-rw). . . (100) 

Tli.!s!L...i 
f '' I 

"»)(--?») . . . (101) 




1 



.«;oc at any section when the rollin 
" .'^ :;::r^ beam. 

- ^^ ;^ strong enough at the dangerous sec- 

^ *" ^ jjj^ it will be strong enough to resist 

" ■■ other rolling loads, whose weight per 

*" L ^'C exceed w'. 



^ ^*c exceea w . 

* -The shearing strain at any section be- 



"^ < = (ir+w') a?-lii . . - . (102) 
i5,Ht Mween D and B, 

. hii *nd (1^3) repi'csent two right lines. If we 
.,^.v.:* *' •* £^,,11 aero to 2^, the right lines can be 
**.»* '^' *** jji i^present the shearing strains on the 
^ ^^"^ '^*'* jiffer^nt n>lli"g load^. 
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If the rolling load extends entirely over the beam, the 
-^iit^'irlng strain on any section will be 

S' = {w-\-w') {x^l) .... (104) 

At first glance it might be supposed that eq. (104) would 
givG the maximum shearing strain at any section. It will 
Hot cio so, for we will find sections which have a greater 
shearing strain upon them when the rolling load does not 
eovei' the entire beam, than when the load does cover it 
Ta^lce eq. (102) and substitute for Ki its value, we get 

S'=zw{x-l)-w'{m-^-x) . . (105) 
and eq. (103), by the same substitution, becomes 



.m? 



S' = w(x-l)+w'^ (106) 

Kepr^sent by a?' the abscissa of any section between D and B. 
Substituting x' for x in eq. (106) we get 



m^ 



S'' =:w(x-l)+w'j^ (107) 

for the shearing strain at this section, when the live loaa ex- 
tends to D. Suppose the load covers the entire beam, the 
fihearijig strain at this section for this case would be, eq. (104), 

S'^ = {w-hw") (x'-l) 
which, may be written 

8''=w{x'-l)-hw'(x'-l). . . (108) 

To compare these values of S'' under these different circum- 
fitancea^ it will only be necessary to examine the terms 

^'CoT'^Qand^^^^'. 

^^*PpK)6e m>l and take x'= m, that is, the live load extends 
^\t^ *^iore than half the beam, and the section under con- 
siaer^f^jQjj jg f\^Q Q^e at the end of the moving load. 

■'^^ixi.embering that 2Z = m -h n, we have 

to (x —J) = t/7 I m 5 — I = - (m — n), and 



W -rr= -7^ 



4J, 2 m i- n 
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But; m — n < , hence, it is to be concluded, that tki 

shearing strain, at the section at the end of the moving 
load^ when this load covers the greater segment of a heam^ 
exceeds the shearing strain in tJie same section produced hy a 
load of the same amount on the unit of length extending \ 
over the whole he^m,. 

The first part, w {x—T) oi the se^'ond member of equation 
(106) represents the shearing strain at any section of the 
beam pn)duccd by the uniform stationary load. The part, 

t^'-jT-, the shearing strain at any section between the end of ' 

the moving load and support B, produced by the moviug 
load. 

Give m all values in sncccFsion from zero to 2?, and the 

corresponding values of w'^r will be the shearing strains 

produced by the live load at the end section of the load in all 
its positions, from the time the load first rolls on the beam 
until' the beam is entirel}' covered by it. 

These different values may be represented by ordinates, 
and the line traced through their extremities will be a para- 
bola. 

If m and x. have simultaneous and equal values, equation * 
(106) is that of a parabola whose ordinates will represent the 
shearing strain produced by both loads at the end of the live 
load, the length of the latter being at least equal to the length 
of the beam. , If we place tlie second member equal to zero, 
and solve it with respect to a?, we have 



w L ^^ J 



(109) 



That is, when the live load covers the beam from the origin, 
A, to a point distant equal to this value of ar, that there is no 
Bheai'ing strain in the section at the end of the live load. 
This is shown graphically, for at this point the parabola 
represented by ec^. (106) cuts the axis of X, or the ordinate 
of the curve repi-esenting the shearing strain at tliis point is 
equal to zeix>. 

By giving values to w and w' this distance in terms of H 
may be determined. 

As more of the live load comes upon the beam, the point 
of no shearing moves, going towards the centre. When the 
live load entii*ely covers the beam the point of no shearing ia 



/ 
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at the centre. As the live load moves off the beam, this point 
follows the load, coincides with the end of the load at the 
same distance from the end of the beam, that it was found in 
the beginning from the other, and then retm-ns towards the 
centre as the load goes off the beam. 

LIMITS OF PRAOTIOB. 

221. Until quite recently, comparatively speaking, it was 
the custom of most builders, in planning and erecting a 
Btmcture, to fix the dimensions of its various parts from pre- 
cedent, that is, by copying from structures already built. 

So long as the structure resembled those already existing 
which had stood the test of time, this method served its pur- 
pose. But when circumstances forced the builder to erect 
Btrnctures different from any in existence or previously known, 
and to use materials in a wav in which thev had never before 
been a])plied, the experience of the past could no longer be 
hisijruide. Piactical sagacity, a most excellent and useful 
qiialifioation, was not sufficient for the emergency. Hence 
arose the necessity that the builder should acquire a thorough 
knowledge of the theory of strainF, the strength of materials, 
and tlieir genei'al properties. 

The principal object of '^ strength of materials " is to do 
tenuine the strains developed in the different parts of a struc- 
ture, and to ascertain if those strains are within the adopted 
limits. And as a consequent, knowing the strains, to deter 
niiiie the forms and dimensions of the different parts, so that 
^ith the least amount of material they shall successfully re- 
sist these strains. 

The limits adopted vary with the materials and the charac- 
ter of the strain. The essential point is that the limit of 
elasticity of the material should not be passed, even when by 
8ome unforseen accident the structure is subjected to an un- 
usual strain. The adopted limit to be assigned is easily 
^elected if the limit of elasticity be known ; but as the latter 
J8 obtained with some difficulty, certain limits of pracUce 
'^ve been adopted. 

Ill niany cases this practice is to assume £ome known weight 
P^i" square inch as the maximum load on a given matei-ial ; as 
^iidstone must not bear more than 600 pounds to the square 
inch ; granite, 1,200 pounds, etc.. From the varying qualities 
^^ the same material it is easily seen that this method of 
pffictice differs but little from a '' mere rule of thumb." 

The most nsual practice, especially for structures of im- 
portance, as bridges, is to determine the breaking weights or 
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ultimate strength of the different parts, and take a frac- 
tional part of this strength as the limit to be used. The ire- 
eiprocal of this fraction is called the factor of safety. 

A more accurate method would be to calculate the dimen- 
sions of the pieces necessary to resist the strains produced l>y 
the maximum load, and then enlarge the parts sufficiently to 
give the strength determined by the factor of safety. 

Wlien the structure is one of great importance, actual 
experiments should be made on each kind of material used ^^^ 
its construction, so that the values deduced for the ultimate 
strength shall be as nearly correct as possible. 

222. These factors of safety are arbitrarily assumed, beii^8 
generally about as follows : 

MateriaL Factor of safetj. 

Steel and wrought iron 3 

Cast iron 6 

Timber 6 

Stone and brick 8 to 10. 

These are for loads carefully put on the structure. 

If the materials and workuianship were perfect, these fact-^^^^-^ 
could be materially reduced. 

The work 2>erformed by a constant force, W, througlm- * 
y^iven si)ace has been shown to be the same as that perforn^ ^^^ i 
y the action of a force increasing at a uniform rate froirm 
to 2W through the same space. Hence a force, W, appli ^^-^ 
suddenly to a beam will produce the same strain on t-X^* 
beam as ^2!^ applied gradually. 

A rolling load movin«i^ swiftly on a structure approximat: 
nearly to the case of a force suddenly applied. 

Hence, for rolling loads, the factora of safety should 
doubled. 



CURVED BEAMS. 

223. Any l>oam which is made to take a curvilinear shaiF^ 
in the dinvtion t>f its length is called a ourved beam. Tn^ 
curve assununl by tlie mean fibi-e is usually that of a Circulal* 
or parabolic a i-c. 

For the purix>ses of discussing the strains on beams of this 
class, it is supjxisod that: 

1. Tlie beam Inis a uniform cross-section ; 

9. That its cn>ss s<»ction is a plane figure, which if moved 
along the mean tibre of the beam and normal to it, keeping 



I 
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the centre of gravity of the plane figure on the mean fibre, 
Would ^uerate the solid ; and 

3. That the dimensions of the cross-section in the direction 
of the radius of curvature of the mean fibre ai*e very small 
compared with the length of this radius. 

It the beam be intersected by consecutive planes of cross- 
section, the hypotheses adopted for a straight beam subjected 
to a cross strain are assumed as applicable to this case. 

224. General equations. — Suppose the applied forces to 
act in tlie plane of mean fibre, let it be required to deter- 
mine the relations bet^^een the moment of fesistanoe 
at any section and the moment of the external forces 
aoting on the beam. 

Let E F (Fig. 38) be a curved beam ; the ends E and F so 
iMTanged that the horizontal distance between them shall 
remain constant. 




Pig. 3a 

I^t A B be any cross-section. The external forces acting 
on either side or this section are held in equilibrium by the 
resistances developed in this section. Suppose A B to be nxed, 
and^ let C'D' be the position assumed bv the ^/)nsecutive 
Bwstion under the action of the external lorces, on the right 
01 A B. The resultant of these external forces may bo resolved 
into two components, one normal and the other parallel to the 
tangent, to the curve of the mean fibre at 0. Kepresent the 
former by F, the latter by P, and by M, the sum of tho 
moments of the external forces around the neutral axis in the 

Bection A B. 
The fibre ah is elongated by an amount Jc, proportional to 

its distance from the neutral axis. 
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The force producing this elongation is 

Eg X he 

ab ' 

or since ab may be considered equal to 0', 

Ea X he 

0' ' 

in which E is the co-efficient of elasticity and a the area ^>^ 
cross-section of the fibre, ah. 

Hence, there obtains to express the cond itions of equilibria. :»30, 

Ea X 5c ^ , Ea x he -^, __ ,,^^^ 

2 ^ . = 0, and 2 ^ ^, x hO' = M. (11 0> 

0' ^ ^ 



JRepresent by p and d', the radii of curvature, R 0' and R' 
The triangle, aRi, has its three sides cut by the right li 
R'C. Hence the product of the segments, R 0', hc^ and aR^ ■^ 
equal to the product of the three segments, R R', 60', and ^ 
Substituting o for R 0', p — p' for R'R, and p' tor aR', sia- 
O'J is very small in comparison with p\ and we have 



p X he X p' = {p — p) X JO' X ac. 

From which we get 

he __^p — 

ac" pp \p p 

Since ac differs from 0' by an infinitely small quantity 



c pp \p Pi 



'9 



the expression obtained for — may be taken as the value -^"^^ 

ac 

"he he 

rTP^,' Substituting this value for tw^/j in the second of equ 

lions (110), we get. 

E X (4 --) X 5(a x hO'^) = M. . (Ill) 

This sum, X{a x hO'\ is the moment of inertia of th£^ 
cross-section taken with respect to the neutral axis passing 
through the centre of fjravity of the section, Bepresentinjp 
this by I, equation (111) may be written 

El(J.-^) = M,. . . . (112) 

which is the general equation, showing the relation existiiig 
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^tween the moments of resistances of any section and the 
foments of the external forces acting on that section. 

225 Displacement of any point of the curve of mean 
fibre.— Let A B (Fig. 39) be the curve of mean fibre before 
tte external forces are applied to the beam. 




Fig. 39. 

Take the origin of co-ordinates at the highest point, C, and 
"^6 axes X and Y as shown in the figuro. 

^t D be any point whose co-ordinates are x and y, and 
represent by <f) the angle made by the plane of cross-section 
*^P ^vith the axis of V. 

^Suppose the external forces applied, and denote by x' and 
y the co-ordinates of D in its new position, and by<^' the 
new angle made by the plane of cross-section with the axis of 

It is supposed that the displacement of the point, D, is 60 
Bueat that M remains unchanged. 
From the calculus we have 






and o' = 






in which ds and efe' are the lengths of the elementary prism 
before and after the strain measured along the mean fibre. 
Sin<^ they differ by an infinitely small quantity from each 
otber, by making dz = dz^ and substituting in equation (112) 
ureget 



Jntegrating we obtain 



M 



<l>'-'l>=f^ldz + C.. 



(113) 
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The component force, parallel to the tangent at D, acts in 
the direction of the length of the fibre. Since the points E 
and F are fixed, this force produces a strain of compression 
on the fibre. The length of this fibre, after compression 
between the two consecutive planes, is represented by i^\ 
and is 



dz' =• dz — 



Vdz 
EA 



= ^"(^ - &)• 



The values of cos<^, sin^, co8<l>', and sin^' may be written 
as follows : 

dx . . dy 

cos^ = -^ sm^ = -^ 

dx' . dj/ 

cos^=-^, sin</>=^,. 

Substituting, in the last two of these, the value just fo 
for dz'y we get 

dx' dt/ 

cos 0' = . t> \ ? and sin ^' = . p \ ' 

'^V - ea) n^ - ea) 

If ^' — ^ is very small, we may write 

cos <^' = cos — (0' — 4) sin ^, and 

sin 0' = sin (f> + {(f>' — <f>) cos <f>. 

Substituting these values of cos (f>' and sin <f>\ in the exp 
sions above, and solving with respect to dx' and dy'j we p 

dx' = d2\l — pTT- ) (cos ^ — (^' — ^)sin ^), 

dy' = dzll — pTT- ) (sin </> + (^' — </>) cos ^). 

Substituting in these for sin <f> and cos ^, their values &> 
terms of dz, ay, and dx, we get 

<?y' = (i - E^) ('^y + (f - <!>) dx\ 
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whence, by omitting the products of the second tefrtis, we get 

P 

dx' — dx= — yj dx " {if/ " </>) dy^ 

P 

e?/ - rfy = - g^ rfy + {<f>' -4>)dx. 
Integrating, there obtains 



V -y= -f-^y •¥f{<l>'-<l>)dx. 



V ai4) 



e constants of integration reduce to zero for both equa- 
tion «\^ since from hypothesis there is no displacement of the 
P^it^ts at the ends or the curve of mean fibre. 

If the beam is metal, the effect of temperature must be 
mclvided in these expressions for the displacement. 

Tlie constant of integration which entere the expression for 
^' — ^, also enters in the last two equations for the displace- 
^dit. The value of this constant must be known in order to 
determine the displacement. Besides the constant, there is 
^Iso an unknown moment in M which must be determined. 

The applied forces acting on the beam arc fully given, and 
^^'^ taken, as before stated, in the plane of mean fibre. The 
'■^actions at the points of support are not known, and must be 
determined. 

Let Xj represent the algebraic sum of all the components 
^f the applied forces parallel to the axis of X ; Yi the sum of 
die conijionents parallel to the axis of Y ; Ri and E, the 
vertical components of the reactions at A and B, respectively ; 
*nd Qi and Q2 the horizontal components of tliese reactions. 
For equilibrium, there obtains, 

Xi + Qi - Q2= 0, ) 
Ti-Ri-E, = 0, V. . . (115) 

In the last equation, /jli represents the sum of the moments 
of the known applied forces taken with respect to the point 
^^ support, A, Zi, and I^, the lever arms of Kj and Qa, with 
'®^<!t to the same point. 

We have three equations and four unknown quantities. By 
introducing the condition that the point B, shall occupy the 
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same position after the application of the forces as it had be- 
fore, tnat is, be^^^, a fourth equation may be obtained, and 
the problem made determinate. 

To express this last condition, let Xi and yi be the 'coordi- 
nates of the extremity B (Fig. 4^0), x and y the co-ordinatcfl 




Fio. 40. 

of any point as D, and <f> the angle made by the tangent lin 
D with the axis of X. Represent by Ti the sum of the 
jjonents of the applied forces parallel to the tangent DT, 
by fi tlio sum of the moments of the applied' forces with 
spect to to the section at D. 

The bending moment at D will be 

M = /.-hQ2(yi-y)~E,(a?i-aj) . . (116) 
and for the force acting in the direction of the tangent DTj 

P = Ti + Qa cos «^ + E, sin <f>. . . . (117) 



In these two equations, whenever the applied forces aregivi 
ft, "]',, //i — //. and Xi — .r, are known lunctions; but K^ vC^^ 
Q2 are unknown constants. 

But from the third of equations (115) we have 

li^ -f Q2/2 
/^ = \ ' 

which substituted in the expressions just obtained for M ai»^ 
P give them in terms of one unknown constant and know^^ 
functions. 
We are now able to find the values of the constant of 11 
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. .111(1 tlie component Qg. Ejiow- 
!»' , Mild It^ are easily found. 
liu- external forces acting on the 
-- section may be determined, and 

.rat of area of the cross-section, at the 

'.1 i-;il axis, is 

.V ^ T ^"^ S = A' 

.;:<• the components of the external forces, 

parallel to the plane of cross-section; A, 

">s-sc'cti()n ; I, its moment of inertia; and 

: iiKiit of the external forces witli respect to 

■'i tlie cross-section. 

rrs IV. and V. of his *'Conr8 de M(5caniqne 

i»resso has given a complete discussion of the 

1 1 teams resting on two points of support, pi*o- 

:ri nal forces acting in the plane of mean fibre ; 

■ : it'll of the beam being uniform and the curve of 

■ a circular arc. 

• ictliued exact formulas for the horizontal tJirustj 
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need these formulas to forms of easy application 
asrs most commonly used. He has besides con- 
t a hies containing the values of the quantities found 
form n las, under the difiFerent suppositions usually 

beam has its ends in the same horizontal plane and 
[ symmetrically with reference to its middle point, or 
by vertical loads only, Qi and Q2 are equal. 
Following formula for a load uniformly distributed 

beam, along the mean fibre, when the vise, H C, is 
•mpared with the span, A B, is given by him: 



Qj = Q, = wp<i> -I 7^ J, . .. (118) 



I w is the load on the unit of length of the curve ; p, 
ins of the curve of mean fibre; <^, the half of the 
B, included l)etween the radii drawn to the ex- 
9 A and B ; 27, the length of the chord, A B ; /*, the 
) ; and ^, the radius of gyration of the cross-section of 
a. 
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And under the same circumBtances, the load being di 
tributed on the beam uniformly over the chord A B or 
horizontal tangent at C, he gives the following formula: 



Qi = Q2 = 




• (119) . 



228. Approximate method of determining the strains on 
a curved beam, uniformly loaded along a honzontal straigr^*^ 
line ; the beam resting on two points of support in the 8»i«® 
horizontal plane. 

Let A V be the curve of half of the mean fibre of the be^rTn 

Take the origin of co-ordinates at the middle point V, tl^^ 
tangent at V for the axis of X, and the perpendicular V Y f ^^ 




Fig. 41. 



tB 



the axis of Y. I^t D and D' be any two consecutive poi 
whose abscissas are x and x'. Denote by I the half -span k J ' 
byy the rise V Y, and by w the weight on the unit of leng'^^ 
measured on V X. 

Assuming the bending moment at V to be zero, suppose tf ^ 
right half of the beam to be removed. The equilibrium^ 
among the external forces acting on the remaining half m^^' 
be preserved by the substitution of a horizontal force, H, ac^' 
ing at V. The external forces acting on the beam between V 
and any section as D, will therefore be the force H, the weight 
wx, and the reaction at D, which denote by P. 

Since there is an equilibrium in the system of forces acting 
on the arc D V, the intensities of these forces H, P, and va 
must be proportional to the sides of the triangle Da?T. Since 
D H and D'H are respectively parallel to Tx and Dx, we have 



■u .vMa. 161 

. HD : D'H, 
: : dx : rfy, 

yr xdx. 



i-.n 



y = ^a> + C (120) 

.of ween the limits aj = and x = ly there re- 



w j2 



H = ^ (121) 

^ : i ;s is the same as the coefficient outside of the parenthesis 
■At.- expression for Qq in eq. (119). 

^'^•i substituting in which the value just found for H, we get 



T=w\^:^ + s?. . . . (122) 

_ The value for H may be deduced directly by moments. 
I Or \^Q have 

H X AX=z^VX xiVX, 
2 ' 



<» H/= 



^*^ce H = ^. 

4/ 

^ese expressions show that P is least at V and greatest at 
Ai wid that H is the same throughout. Tlie value for H is 
ndependent of the form of the curve of mean fibre, whether 
pwaoolic, circular, or other shape. 
11 



164 CIVIL ENGINEERINO. 

will depend upon the pui'poses for which the frame is to ^ 
adapted and upon the directions of tlie straining forces. 

One of the main objects in the arrangement of a fi-anio is 
to give the latter such a shape that it will not admit of chai^^S® 
in Its figure when strained by the forces which it is intend ^^d 
to resist. This is tsually efiFected by combining its parts ^o 
as to form a series of triangular figures, each side of t^ie 
latter being a single beam. If the frame has a quadrilater^ 
shape, secondary pieces are introduced either having t;l*e 
positions of the diagonals of the quadrilateral, or fonni^^g 
angles with the upper and lower sides of the frame. Th^^^^ 
secondary pieces are called braces. When they sustain * 
strain of compression they are termed struts ; oi extensio'n, 
ties. ^ 

The strength, and hence the dimensions, of the pieces ^i^l 
be regulated by the strains upon the frame. Kjiowing t;!"*^^ 
strains and the form of the irame, the amount of strain <^>'*^ 
each piece can be deduced, and from this the proper fox^^^ 
and particular dimensions of each piece. 

The arrangement of the frame should be such that, aft^^' 
being put together, any one piece can be displaced withc^"*-^^ 
disconnecting the others. ^ 

When practicable, the axes of the pieces should be kept ^^ 
the plane of the forces which act to strain the frame, ana t^i *? 
secondary pieces of the frame should be arranged to transi^^^ ^ 
the strains in the direction of their lengths. The pieces 
then in the best position to resist the strains they have 
transmit, and all unnecessary cross-strains are avoided. 

The essential qualities of a frame are, therefore, sir 
sHffness, liffhtness, and econoiny of material. 



JOINTS. 

232. The Joints are the surfaces at which the pieces of 
frame touch each other ; they are of various kinds, accordin 
to the relative positions of the pieces and to the forces whic 
the pieces exert on each other. 

Joints should be made so as to give the largest bearing smT*^ 
faces consistent with the best form for resisting the particular 
strains which they have to support, and particular attentiorv 
should be paid to the effects oi (rontraction and expansion in 
the material of which they are made. 

In planning them the purpose they are to serve must be 
kept in mind, for the joint most suitable in one case would 
oftentimes be the least suitable in another. 
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PART III. 



FRAMINO. 



CHAPTER VIII. 

230. The artof oonstruotion consists mainly in giving to a 
Btractnre the proper degree of strength with the least amount 
of material necessary for tlie purpose. If any piece be made 
stronger than is necessary, the superfluous weight of this piece 
will m general be transmitted to some other part, and the 
latter, in consequence, will be required to sustain a greater 
load than it should. Ilence, the distribution and sizes of the 
different parts of a structure should be determined before 
combining the parts together. 

A firazne is an arrangement of beams, bars, rods, etc., 
made for sustaining; strauis. The art of arranging and fit- 
ting the different pieces is called framing, and forms one of 
the subdivisions of the art of construotion. It follows, then, 
from the previous remark, that the object to be attained in 
framing is to arrange the pieces, with due regard to lightness 
and economy of matericbl.^ so tliat they shall best resist, with- 
out change oj form in the frame^ tiie strains to which the 
latter may be subjected. 

231. Tne principal frames employed by engineers are those 
used in bridges, centres for arches, coffer-dams, caissons, 
flf)or8, partitions, rcx>fs, and staircases. 

The materials used in their construction are generally tim- 
ber and iron. The latter, in addition to superior strength, 
possesses an advantage over wood in being susceptible of re- 
ceiving the most suitable form to resist the strains to which it 
may be subjected. 

When the principal pieces of a frame are of timber, the 
construction belongs to that branch of framing known as 
carpentry. 

The combination of the pieces, and the shape of a frame 
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Tlie dependence npon the bolts may be much lessened V 
notching the fish-pieces upon the beams, as shown on "^Iie 
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Fig. 43 — BepreeeDts a joint to resist extension* iron rods or bars being 
to connect the beams instead of wooden fish-pieces. 

npper side of the piece in Fig. 44. Or by making use 
kevs or blocks of hard wood inserted in shallow notches m 
in both the beam and fish-piece, a£ shown on the lower s 
of the piece in the same figure. 
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Fig. 44— Represents a fished joint in which the side pieces c and d are eii 

let into the beams or secured bj keys e^ e. 

Care should be taken not to place the bolts too near 
ends of the pieces. The sum of the areas of cross-sections 
the bolts should not be less than one-fifth that of the beam. 




Soarf-joints. 

In these joints the pieces overlap each other and are bol 
together. The form of lap depends upon the kind of stra 
to which the beam is to be subjected. 

Fig. 45 is an example of a simple pcarf-joint that is som 
times used when the beam is to be subjected only to a sligl 






Fig. 46. 



strain of extension. A key or folding wedge is frequently^ 
added, notched equally in both beams at the middle : it serves 
to bring the surfaces of the joint tightly together. 



FISH AND 80ABF JOINTS. 
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This joint is often made by entting the beams in such a 
~ mer as to form projections which fit into corresponding 

3n rations. A good example, in which two of these notches 

made, is shown in Fig. 46. 




Fio. 46. 



The total lap shown in this figure is ten times the thickness 
the timber, and the depth of the notches at A and B are 

C5h equal to one-fourth that of the beam. The bolts are 
plck<*cd at right angles to the principal lines of the joint. 

This is a good joint where a strain of tension of great 
^^^ tensity is to be resisted, as by the notches at A and B, one- 
^^.Xf of the cross-section of the beam resists the tensile strain. 



Combination of Fish and Soarf Joints. 

Tlie joint shown in Fig. 47 is a combination of the fish and 
-joints, and is much used to resist a tensile strain. 
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'Pig. 47 — Ropreaents a scarf -joint secured by iroa fish-plates o, e^ keys 

d, d^ and bolts. 



23t». Second. Suppose the pieces are required to resist a 
Msverse strain. 

In this case the scarf -joint is the one generally used, and it 
then formed sometimes by simply halving the beams near 
«ir ends, as shown in Fig. 47. 

The more usual and the better form of joint for this case is 
own in Fig. 48. 




Fig. 48— Bepresenta a scarf -jomt for a cross-strain, fished at bottom by 

a piece of timber e. 
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In the npper poi-tion of this joint the abutting snrfaces a».je 
perpendicular to the length of the beam and extend toadep>th 
of at least one-third and not exceeding one-half that of fclie 
beam. In the bottom portion they extend one-third of lA^ 
depth and are perpendicular to the oblique portion joini^^g 
the upper and lower ones. 

The lower side of the beam is fished by a piece of wood f"^ 
iron plate, secured bj' bolts or iron hoops, so as to better rosi^^ 
the tensile strain to which this portion of the beam is &^^ ^ 
jected. 

Third, Suppose the piece required to resist cross-str^^i^ 
combined with a tensile strain. 

The joint, frequently used in this case, is shown in Fig. -^=-^- 



1 




r 




Fig. 49 — Represents a scarf -joint arranged to resist a cross-strain and c^^^ 
of extension. The bottom of the joint is fished by an iron plate ; aiB.^%. ^ 
folding wedge inserted at o serves to bring aU the surfaoes of the j^>*'^^ 
to their beanngs. 

236. In the previous cases the axes were regarded as bei^^^^ 
in the same straight line. If it be required to unite the er^*^^ 
and have the axes make an angle with each other, this may ^^^^^ 
done by halving the beams at the ends, or by cutting a mort 5 ^^ 
in the centre of one, shaping the end of the other to tit, a "^^ ^^ 
fastening the ends together by pins, bolts, straps, or otl:»» 
devices. The joints used in tne latter case are term 
mortise and tenon joints. Their form will depend u 
the angle between the axes of th^ beams. 

II. Joints of beams, the axes of the beams making 
angle with each other. 



Mortise and Tenon Joints. 

237. When the axes are perpendicular to each other, 
mortise is cut in the face of one of the beams, and the e 
of the other beam is shaped into a tenon to fit the mortise, 
shown in Fig. 50. 

When the axes are oblique to each other, one of the m< 
common joints consists of a triangular notch cut in the 
of one of the beams, with a sliallow mortise cut in the 




MOBUBE AND TENON JOINTS. 
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of the notch, the end of the other beam being cut to fit the 
notch and mortise, as shown in Fig. 51. 
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Fie. (K) — Represents a mortise and tenon joint when the axes 
of the beams are perpendicular to each other, 
a, tenon on the beam A, 
h^ mortise in the beam B. 
6f pin to hold the parts together. 

In a joint like this the distance ab should not be less than 
one-halt the depth of the beam A ; the sides ab and bo should 
l>o perpendicular to each other when practicable; and the 




Fio. 51 — Represents a mortise and tenon joint when the 
axes of the beams are oblique to each other. 

. ^^^kness of the tenon d should be about one-fifth of that of 
^^ beam A. The joint should be left a little open at c to 
*t^w for settling of the frame. The distance from b to the 
I^J^^ D of the beam should be sufficiently great to resist safely 
v^^ longitudinal shearing strain caused by the thrust of the 
^^^Jn A against the mortise. 
X)enote by 

H the component of the thrust, parallel to the axis of 

the beam B D ; 
h the breadth in inches of the beam B D; 
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I the distance in inches from the mortise i to the end 
D ; and 

S the resistance per square inch in the beam B to lon- 
gitudinal shearing. 
The total resistance to shearing will be S x W, hence 

S X JZ = H, from which we have 

^ " S X J- 

The value of S for the given material, Art. 166, being snl 
stituted in this expression, will give the value for I, when tlx^ 
strain just overcomes the resistance of the fibres. In tb^^ 
case the factor of safety is ordinarily assumed to be at lea^* 
four. Therefore the value of Z, when the adhesion of iX^^ 
fibres is depended upon to resist this strain, will be: 

4H 
I = ^^ T, S being taken from the tabi 

A bolt, ej^, or strap, is generally used to make the joL 
more secure. 

In both of these cases the beam A is subjected to a stra 
of compression, and is supported by B. If we suppose 
beams reversed, A to support B, the general principles 
forming the joints would remain the same. 

Suppose the axes of the beams to be horizontal, and t 
beam A to be subjected to a cross-strain, the circumstanc 
being such that the end of the beam A is to be connected wit 
the face of the other beam B. 

In this case a mortise and tenon joint is used, but modifiec^^ 
in form from those just shown. 

To weaken the main or supporting beam as little as possi 
ble, the mortise should be cut near the middle of its depth ^ 
that is, the centre of the mortise should be at or near the neu 
tral axis. In order that the tenon should have the greatesi 
strength, it should be at or near the under side of the loint 

Since both of these conditions cannot be combined in 
the same joint, a modification of both is used, as shown in 
Fig. 52. 

The tenon has a depth of one-sixth that of the cross-beam 
A, and a length of twice this, or of one-third the depth of the 
beam. The lower side of the cross-beam is made into a shoul- 
der, which is let into the main beam, one half the length of 
the tenon. 

Double tenons have been considerably used in carpentry. 



FASTENINGS. 371 



As a rule they should never be used, as both are seldom In 
bearing at the same time. 






Fia. 52. — A, the cross-beam. 

B, oross-section of main beam. 
t^ the tenon. 




In. Joints used to oonneot beams, the faces resting on 
^^ notched into each other. 

238. The simplest and strongest joint in this case is made 
^y entting a notch in one or both beams and fastening the 
fitted beams together. 

If the beams do not cross, but have the end of one to rest 

^I>on the other, a dove-tall joint is sometimes used. In this 

J^iiit, a notr.h trapezoidal in form, is cut in the supporting 

*^^^^.ni, and the end of the other beam is fitted into this notch. 

On account of the shrinkage of timber, the dove-tail joint 

^hc>'jil(j never be used except in cases where the shi'inkagein 

^^^^ different parts counteract each other. 

Xt is ajoint much used in joiner's work. 

^39. The joints used in timber-work are generally composed 

^^ plane surfaces. Curved ones have been reconnnended 

* ^^** struts, but the experiments of Hodgkinson would hardly 

^\^^"tify their use. The simplest forms are as a rule tlie best, 

^ they afford the easiest means of fitting the parts together. 



FASTBNINQS. 

^^40. The pieces of a frame are held together at the joints 
fastenings, which may be classed as follows : 

^. Pins, including nails, spikes, screws, bolts, and wedges ; 
. S^ Straps and tiebars, including stirrups, suspending-rods, 
^^^<i-;and 

8. Sockets. 

These are so well known that a description of them is un- 
^^^^iessary. 
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General Rules to be observed in the Construotion of Joints. 



Hi 



241. In planning and executing joints and fastenings the 
following geneml principles should be kept in view : 

I. To arrange the joints and fastenings so as to weaken as 
little as possiWe the pieces which are to be connected. 

II. In a joint subjected to compression, to place the abut- 
ting surfaces as nearly as possible perpendicular to the direc- 
tion of the strain. 

III. To give to such joints as great a surface as pi-acticable. 

IV. To proportion the fastenings so that they will be equal 
in strength to the pieces they connect. 

V. To place the fastenings so that there shall be no dangeir 
of the joint giving way by the fastenings shearing or cnishiugf 
the timber. 



JOINTS FOB IBON-WORK. 



242. The pieces of an iron frame are ordinarily joined b/^ 
means of rivets, pins, or nuts and screws. 



Riveted Joints. 

243. A rivet is a short, headed bolt or pin, of iron or other 
malleable material, made so that it can be inserted into holes 
in the pieces to be fastened together, and that the point of 
the bolt can be spread out or beaten down closely upon the 
piece by pressure or hammering. This operation is termed 
riveting, and is performed by liand or by machinery. By 
hand, it is done with a hammer by a succession of blows. 
By machinery, as ordinarily used, the heated bolt is both 
pressed into the hole and riveted by a single stroke. If a ma- 
chine uses a succession of blows, the operation is then known 
as snap-riveting. By many it is claimed that machine 
riveting possesses great superiority over that by hand, for 
the reason that the rivets more completely till the holes, and 
in this way become an integral part of the structure. It is 
doubtful if it possesses the advantage of superior strength to 
any marked degree. It does certamly possess, however, the 
advantage of being more quickly executed without damage 
to the heads of the rivets. 

The holes are generally made by punching, are about one- 
twentieth of an inch larger than the diameter of the rivet, and 
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are slightly conical. The diameter of the rivet is generally 
greater than the thickness of the plate through which the hole 
5 tt ^ ^ 1^® punched, because of the difficulty of punching holes 
of a smaller size. Punching injures the piece when the latter 
^ J is of a hard variety of imn, and for this i-eason engineers often 
require that the holes be drilled. Drilling seems to be the 
better method, especially when several thicKuesses of plates 
are to be connected, as it insures the precise matching of the 
rivet holes. The appearance of the iron around a hole made by 
punching gives a very fair test of the quality of the iron. 

When two or more plates are to be riveted, they are placed 
together in the proper position, with the rivet-holes exactly 
over one anotlier, and screwed together by temporary screw- 
bolts inserted through some of the holes. The rivets, heated 
'ed-hot, are then inserted into the holes up to the head, and 
^y pressure or hammering, the small end is beaten down fast 
to the plate. In a good joint, especially when newly riveted, 
^e friction of the pieces is very great, being sufficient to sus- 
t«^in the working-load without calling into play the shearing 
r^^eistance of the rivets. In calculating the strength of the 
^**»me, this amount of strength due to friction is not consid- 
^*"ed, as it cannot be relied on after a short time in those cases 
^^lere the frame is subjected to shocks, vibrations, or great 
^lianges of temperature. 



dumber and ArrangemerU qfJiivets. 

244. The general rule determining the number is that the 
sum of the areas of the cross-sections of the rivets shdlt he 
eqtial to the effective sectional area 0/ the plate after the holes 
nave been punched. This rule is based on the theory that the 
resistance to shearing strain in the rivet is equal to the tena- 
city of the plate. 

To determine the proper distanoe bet'oveen the rivets 
in the direction of anv row, so that the strength of f he rivets 
in any single row shall be eaual to the strength of the section 
of the plate along this row after the holes have been punched, 
let 

df be the diameter of the rivet ; 

c, the distance from centre to centre of the rivets ; 

a, the area of cross-section of the rivet ; 

A', the effective area, between two consecutive rivets, of the 
cross-section of the plate along the row of rivets ; and 

ty the thickness of the iron plate. 
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It has been assumed that 

T = S, 
and the mle requires that 

TA' = S xa, or -|-=-£, = l. 

We have 

A^ "" t(c-d) ■" ^' 
whence 

c = i^+rf, (Ii3) 

for the distance from centre to centre of the consecutive 
rivets in any one row. 

English engineei*8, in practice, use rivets whose diameten 
are f, f, 4^, 1, IJ, and \\ inclies, for iron plates }-, -^^ f, J, f 
and \ inches thick, respectively, and take the distance from 
centre to centre at 2 diameters for a stmin of cx)mpre88ion, 
and 2J diameters for extension. The distance of the centre 
of the extreme rivet from the edge of the plate is taken he- j 
tween \\ and 2 diameters. 

Instead of assuming the resistance to shearing in the rivet 
equal to the tenacity of the iron plate, a better rule wonld l>c 
to make the product arising from multiplying the sum oft^ 
areas of the cross-sections of the rivets^ by the amount ^ 
shearing strain allowed on each unit, equal to the maximtf^ ^^ 
strain transmitted through the joint 

If the strain was one of compression in the plates and th* 
ends exactly fitted, the only riveting required would beth^^ 
necessary to keep the plates in position. As the workmafi' 
ship i-arely, if ever, admits of so exact fitting, the rivets 
should be proportioned by the rules just given. 

245. The size of the head of a rivet depends upon the 
diameter of the rivet. It is usuallv circular in form, and 
should have a diameter not less than twice, and a thickness at 
the centre not less than one-half, of the diameter of the rivet 
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Fig. 58. 

246. Various methods are used in the arrangement of the 
rivets. The arrangement often used for lengthening a plate 
is shown in Fig. 53. This method is known as <<ohain riTefe- 
Ing." 



ARRANGEMENT OF RIVETS. 
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Fic^. 54 shows another method nsed for the same pni^posc, 
in which the nnmber of rivets is the same as in the previous 
example, but there is a better disposition of them. 
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Fig. 54. 



Figs. 55 and 56 show the arrangement of the rivets often 
used to fasten ties to a plate. 




Fig. 55. 




Fig. 50. 



Figs. 57, 58, and 59 show in plan the forms of several 
Wnds of riveted loints. 
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Fig. 57. 



Fig. 57 shows the single shear-joint or single lap-joint. 
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Fig. 58. 



Fig. 58 shows the ordinary fish-joint. In this joint the 
fifth or cover plates are placed on each side, and have a thick- 
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ness of half that of the plates to be connected ; sometimes ► 
only one cover plate is used, and then the connection is 
known as the butt-joint. 
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Fig. 59. 



When several plates are to be fastened together, the method 
shown in Fig. 59 is the one ordinarily used. 



Eye-bar and Pin Joints. 

247* A simple and economical method of joining flat bars 
end to end when subjected to a strain of extension, is to con- 
nect them by pins passing through holes or eyes made in the 
ends of the bars. 

. When several are connected end to end, they form a flexi- 
ble arrangement, and the bai-s are often termed links. 

This method of connecting is called the eye-bar and pini 
or link and pin joint, and is shown in plan in Fig. 60. 
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Fig. 60. 

The bar should be so formed at the end that it would be 
no more liable to break there than at any other point. The 
following are the dimensions in the case where the head has 
the same thickness as the bar. 

If the width of the bar be taken as equal to. 1 . 

The diameter of the eye should equal 75. 

Depth of head beyond the eye should equal 1 . 

Sum of the sides of the head through eye should equal 1 .25. 

Radius of curve of neck should equal 1.5. 

Hence, for a bar eight inches wide, the dimensioDS would 
be as shown in Fig. 61. 



BOREW-BOLTB. 
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By this rule the pin has a diameter which gives a sufficient 
bearing surfaee, the important point fo be considered. 
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Fio. 61. 

There should be a good fit between the pin and eye, espe- 
cially in structui'cs subjected to shocks, hence the conditions 
of manufacture and the quality of material and workmanship 
should be of the strictest Kind, and closely observed. 

Sore'w-bolt Joints. 

248. The connection by nut and botovi is simple and 
economical. 

The strength of a bolt or rod on which a screw is made, 
when subjected to a shearing strain, is determined as in the 
ease of rivets or pins. In case of a tensile strain the strength 
is measured by tne area of cross-section of the spindle inside 
the thread. 

The resistance offered to stripping by the nut depends upon 
the form of the thread and the depth of the nut. In order 
that this resistance should be eaual to that offered by the bolt 
to being pulled apart, the length of the nut should be at least 
equal to aiie-half the diameter of the screw. 

The following pi-oportions have been recommended by the 
Franklin Institute : 
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8IBIPI1B BX2AMS. 

249. One of the most common and simple use of frames 
is that in which the frame is supported at its exti'emities and 
subjected only to a transverse strain. 

When the distance between the points of support, or the 
bearing^ is not very great, frames are not necessary, but beams 
of ordinary dimensions are strong and stiff enough to resist 
the cross-strains arising from the load they support, without 
bending beyond the allowed limits. The load placed upon 
them may be uniformly distributed, or may act at a point; 
in either case the strains produced, and the dimensions of the 
beam to resist them, can be easily determined. (Arts. 177 
and 179.) The usual method followed is to place the beams 
in parallel rows, the distance apart depending on the load 
they have to sup}X)rt. The joists of a tlcK>r, the rafters of a 
roof, are exampk^^of such cases. 

The depth 01 a beam used for this purpose is always made 
much greater than its breadth, and armngements are always 
made to prevent its twisting or bending laterally. In the 
joists of a floor it is usual to place short struts or battens in * 
diagonal direction between them, joining the top of one joiBt 
with the bottom of the next. The extremities of the beana* 
should be firmly fixed on the points of support. 



SOLID BUILT BEAMS. 

250. A solid beam is oftentimes required of greater 
breadth of thickness- than that of any single piece of tnnbcf' 
To provide such a beam it is necessary to use a combination 
of pieces, consisting of several layers of timber laid in juxta- 
position and firmly fastened together by bolts, straps, or other 
means, so that the whole shall act as a single piece. This w 
termed a solid built beam. 




Fig. 62. 



When two pieces of timber are built into one beam having 
twice the depth of either, keys of hard wood are used to resist 
the shearing ^rain along the joint, as shown in Fig. 62. 



SOLID BUILT BEAMS. 
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Tredgold gives the rule that the breadth of the key should 
be twice its depth, and the sum of the depths should be equal 
to once and a third the total depth of the beam. 

It has been recoumiended to have the bolts and the keys on 
the right of the centre make an angle of 45° with the axis of 
the beam, and those on the left to make the supplement of 
this angle. 

The keys are sometimes made of two wedge-shaped pieces 
(Fig. 63), for the purpose of making them fit the notches 





Fio. 08— Represents the folding wedges, a, b, let into a notch in 

the beam e, 

¥nore snugly, and, in case of shrinkage in the timber, to allow 
of easy readjustment. 

When the depth of the beam is required to be less than the 

sum of the depths of the two pieces, they are often built into 

irtie by indenting them, the projections of the one fitting 

accurately into the notches made in the other, and the two 

firmly fastened together by bolts or straps. The built beam 

ehown in Fig. 64 illustrates this method. In this particular 

example the beam tapei-s slightly from the middle to the 

ends, so that the iron bands may be slipped on over the ends 

and driven tight witli mallets. 




a^ 




Ft©. 64— Represents a soUd buUt beam, the top part being of two pieces, ft, ft, 
< which abut against a broad flat iron bolt, a, termed a king-hoU. 

When a beam is built of several pieces in lengths as well 
as in depth, they should break joints with each other. The 
layers below the neutral axis should be lengthened by the 
scarf or fish joints used for resisting tension, and the upper 
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ones should have the ends abut against each other, (ising plain 
butt joints. 

Many builders prefer using a built beam of selected tim- 
ber to a single solid one, on account of the great difficulty of 
getting the latter, when vei^ large, fi'ee from defects ; more- 
t>ver, the strength of the former is to be relied upon, although 
it cannot be stronger than the corresponding solid one if per- 
fectly sound. 



FRAMING WFTH INTERMEDIATE POINTS OF SUPPORT. 

251. If the bearing be great, the beam will bend under 
the load it has to support, and to prevent this it will need in- 
termediate points of support. These points of support may 
be below the beam, or they may be above it. 

The simplest method, when practicable, is to place at suit- 
able intervals under the beam upright pieces to act as proi>s 
or shores. 

When this cannot be done, but points of support can be 
obtained below those on which the beam rests, inclined struts 
mav be used. 

These may meet at the middle point of the beam, divid- 
ing it into two equal parts. The beam is then said to be 
braced, and is no longer supported at two points, but rests 
on three. 

The struts may be placed so as to divide the beam (Fig. Q^) 
into three parts, being connected with it by suitable joints. 




Fig. 65. 



The bearing of the beam may be reduced by placing under 
it and on the points of support (Fig. 66) short pieces, tenued 
oorbels. Those, when long, should be strengthened by 8fcrato» 
as shown in the figure. 

In some cases the beam is strengthened by placing nndif 
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the middle portion a short piece, termed a straining beam 
(Fig. 67), which is supported by struts. 




Fio. 66— A horizontal beam, c, resting on vertical posts, a a, with 

corbels, d d, and struts, e e. 

These methods may be combined when circumstances re- 
quire it, and tlie strains on the different parts can be deter- 
mined. It is well to remember that placing equal beams over 





Fio. 67— a horizontal beam, c, strengthened by a straining beam, /. 

each other only doubles the strength, unless they are firmly 
connected so as to act as one beam, in which case the combi- 
nation follows the law already deduced, that" is, the strength 
will hejbur times as great. 



OPEN-BUILT BEAMS. 

252. An open-built beam, or truss, is a frame in which 
two beams, either single or solid built, with openings between 
them, are connected by cross and diagonal pieces, so that the 
whole arrangement acts like a single beam in receiving and 
transmitting strains. 

These frames are largely used in bridge building, and their 
details will be considered under that head. 

The king-post truss is one of the simplest forms of frames 
belonging to this class. 

This truss is employed when there are no points of support 
beneath the beam which can be used, but when the midale of 
the beam can be sustained by suspension fn)m a point above. 

The arrangement consists of two inclined pieces fi-arned 
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into the extremities of the beam, and meeting At an an^ 
above, from which the middle of the beam is supported by 
third piece. This combination is shown in Fig. 68, 




Fig. 68. 

The construction is simple and the frame is rigid. It i 
fi-equently employed in I'oofs and in bridges of short span. 

In the earlier constructions the third piece, y, was made of 
wood, and resembled a post, hence the name of king-post 
The strain it sustains is one of tension, and in modern con- 
structions an iron-rod is geiieially used. It would be better 
if a more appropriate n^me were given, since the tenn post 
conveys to the mind an impression that the strain is one of 
compression. 

When the suspension piece is made of timber, it may be a 
single piece framed into the struts, and the foot connected 
wn'th the beam by a bolt, an iron stirrup, or by a mortise and 
tenon joint ; or it may be composed of two pieces bolted 
together, embracing the heads of the struts and the supported 
beam. In the latter case, these pieces ai*e called bridle* 
pieces, two of which are shown in Fig. 69. 




^^mrnim^ 




Fia.69. 



When two points of support are necessary, the arrangement 
known as the queen-post truss may be used. It consists of 
two struts framed into the extremities of the beam, and abut- 
ting against a short straining beam (Fig. 69). The suspen- 
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fiion pieces ai*o eithar of iron or wood, single or double, as in 
tlie king-post truss. 

The remarks just made about the name "post" apply also 
to this combination. 

Both of these trusses may be inverted, thus placing the 
points of support beneath the beam. This change of position 
clianges the character of strains on the different parts, but 
does not affect their amount, which is determined in the same 
way. 

Points of support above and beneath may be obtained by 
the use of curved beams. 



METHODS OF CALCULATING STRAINS ON FRAMES. 

253, It has been previously stated that to prevent a change 
of form in a quadrilateral frame, secondary pieces are intro- 
duced for the purpose of dividing the frame into two or moi*e 
triangular figures. 

In all frames where rigidity is essential to stability, this in- 
troduction of braces is necessafl'y, as the triangle is the only 
geometrical figure wliich, subjected to a straining force, 
possesses the property of preserving its form unaltered as 
lonff as the lengths of its sides i*emain constant. 

The triangular is the simplest form of frame, and will be 
first used in this discussion. 

254. As a preliminary step, let the strains in an inclined 
beam, arising from a force acting in the plane of its axis, be 
determined. 

For example, take 

A71 inclined beam with the lower end resting against an 
ahutfnent and the iwper end against a vertical wally and sup- 
porting a weight, W, applied at any point. 

Fig. 70 represents the case. 

Denote by 

Z, the length of the axis, A B, of the beam ; 

n X ly the distance from A to the point C, where W is ap- 
plied ; 

a, the an^le between A B, and vertical lino through C. 

Disregarding the weight of the beam, the external forces 
acting on it are the weight, W, and the reactions at A and B. 

The reaction at B is horizontal ; let us represent it by H. 
Kepresent the horizontal and vertical components of the re- 
action at A, respectively by H' and W. 
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These forces are all in the same plane/ and the analjtica] 
couditiona for eqiulibriiim ai'e 

H - H' = 0, and W - W = 0. 




Fig. 70. 



Taking the bending moment about A, we have 
WxAD-IIxBE = 0, 
i)r, H X Z COB a = W x nl&in a, 
luMUU\ H = n W tan a , 



(124) 



The forces H, H', W, and W act in the plane of and 
uMi(|uoly to the axis, A B, and their efFect is to produce de- 
limit ion and compression of the fibres of the Deam. The 
Mtmin arisino^ from deflection will be due to the algebraic sum 
nf thti ])orpendicular components, and that fnmi compression 
will bo due to the sum of the parallel ones. (Art. 217.) 

Itoaolvo W and H' into components acting perpendicularly 
and parallel to the axis of the beam. Represent by P anS 
V\ and Q and Q', these components; see Fig. 71. 

AJ = W = W. 
Ad = P, Ac = Q. 
Ap = 11' = nW tan a. 
Am = P', An = Q'. 
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The perpeudicnlat components kd and Am act in opposite 
Erections, hence the strain arising from deflection will be due 
to their difference, P - P'. 



K 



I 



\d./ i/ 



v 



T?he parallel components Ac and kn act in the same direc- 
^pxi, hence the strain of compression will be due to their sum, 
Q H- Q'. 

^Representing the force W, by the line A5, we find the values 
^^ these components to be as follows : 

P = W sin a ; P' = n W tan a cos a = ti W sin a ; 
Q = W cos a ; Q' = w W tan a sin a. 

Suppose the cross-section of the beam to be a rectangle of 
filiform dimension, the sides of which ai-e respectively h 
^d 6?, the plane of the latter being taken parallel to the 
direction of the force, W, we have 

Q -}- Q' = W cos a -f w W tan a sin a, 

equal to the total compression on the segment from A to C ; 
this sum divided by hd will be the amount of compression 
on the unit of area in any cross-section in this segment. 
We also have 

P - P' = (1 - n) W sin a, 

for the force perpendicular to the axis of the beam. Its 
moment for any section, at the distance, «, measured on the 
line A B, and lying between A and C, will be 

(1 — n) W sin a x ». 
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Substituting in the expression for R' (Art. 206), we have 

(1 — n) Wa; sin a 



K' = 



^M" 



for the strain on the unit of area farthest from the neutral 
axis in any section produced bj deflection, x being the lever 
arm. 

For the segment of the beam, B C, it is seen that the strain 
of direct compression is due to the force 

Q' = 71 W tan a sin a. 

Giving vahies to w, from to 1, we can place the force, W, 
at any point on the axis. And knowing b, d^ and W, and 
substituting them in the foregoing expressions, we obtain the 
strains on Uie beam. 

Let us place it at the middle point, and suppose W and a to 
be given. 

The value of n for the middle point is \\ substituting which 
in the expressions for P, Q, etc., there obtains : 

Q -f Q' _ W cos a -h i^W tan a sin a 
bd ~ bd ' 

for the strain of compression on the unit of cross-section ; and 

(P — P> _ jW X sin a 
^^ "" \bd^ ' 

for the strain due to deflection, on the unit of cross-section 
farthest from the neutral axis. Represent these by G' and R', 
respectively. To determine the greatest strain on the unit of 
area in any cross-section ; flrst, determine R' for the particular 
section and add to the value tlius found that for C , and the 
result will be the total strain on the unit, and hence the maxi- 
mum strain in that section. 

To determine the maximum strain produced by the force, 
W, upon the unit of surface of the beam ; first, find the value 
of R' for the dangerous section and then add to it the value 
of C for this section, the result will be the maximum strain. 

Assuming limiting values for R' and C and knowing b and 
rf, the corresponding value for W can be deduced. Or, as- 
suming R' and C and having W given, we can deduce values 
for b and d. 

Suppose the beam to be vertical, then a = 0, and we get 

Q = W, and Q' = 0, 
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the compression in B C will be zero, and on A C f qual to 

We also have H' = 0, or there is no horizontal thrust, 
injppose the beam horizontal, then a = 90°, and we get H' 
d Q , each equal to infinity. 

X«^rom this it is seen that the compression on the beam and 
horizontal thrust at the foot botn decrease as a decreaaes, 
the reverse. 
255. Uniformly loaded. — Suppose the beam to be uni- 
t-mly loaded, and let w be the load on a unit of length of 
a beam. 
"We have H = ^wl tan a, 

Ihe corresponding values for P, F', Q, and Q' are easily 
oV>t::ained. 

r56. Let it be required to determine the strains on a 
igular frame, and take for example, 
frame 7nade of three beams connected at the ends hy 
£r joints and strained hy a force actifig in the plan^ of 
4Rr ojxes and at one of the angular points. 
^►uppose the plane of the axes of the three beams to be ver- 
1, and one of the sides, B C, to be horizontal, resting on 
d points of support at B and C. 
Disregarding the weight of the frame itself, suppose the 
"^lining force to be a weight suspended from or resting on 
^1^^ point A. (Fig. 72.) 
Represent by 

W, the weight acting at A, 
a, the angle BAD, 
i8, " " CAD. 




Fig. 73. 



The weight, W, acts vertically downwards and is prevented 
from falling by the support at A. The pressure exerted b^ 
it at A is received by the inclined beams, A B, and A C, and is 
transmitted by them to the fixed points of support at B and C. 
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The weight, W, is therefore the resultant force acting on the 
frame, and the pressure on the inclined beams are its compo- 
nents in the directions of the axes of the beams. 

Represent by kd the weight W, and construct the parallelo- 
gram kbcd. We have from the principle of the parallelo- 
gram of forces : 

Wsin^e Wsin^^ 

M = -T— 7 — p-gr and Ac = . . , ^. . (125) 
sm (a + p) sin {a-\- p) ^ ' 

The strains produced by these components are compressive. 
Knowing the breadth and depth of the beams, the amount of 
strain on the unit of cross-section can be determined; or, 
assuming a limit for this strain on the unit, the values for the 
4)readth and depth of the beams may be deduced. 

These components being transmitted along the axes of the 
beams to the points of support, B and C, may be resolved at 
these points into their horizontal and vertical components 
respectively. 

i)oing so, it is seen that the horizontal components are 
equal to hm and cn^ and are equal to eacli other, but act in 
opposite directions. The value for these components is 

1 -rrSinasinfl ,^^^v 

J;/! = CTl = W -^T—rX . . (126) 

sin(a+p) ^ ^ 

Uence, they balance each other, producing a strain of ex- 
tension on the beam, B C, the amount of which on the unit of 
cross-section, or dimensions of beam to resist which, ma^' be 
determined. The vertical components are respectively equal 
to Am and An, and act in the same direction. We have 

__ sin ^ cos a . . .^- sin a cos )8 .^ ^^^ 

Am = W -T-r-To;, and An = W ^ — -~ . (127) 
sin (a 4- p) sin {a + p) ^ ^ 

They ai^e resisted by the reactions at the points of support, 
which must be strong enough to sustain these vertical pres- 
sures. Adding Am to An we find their sum is equal to W. 
It is well to observe that producing Ad to D, we have the pro- 
portion, Am : An :: CD : B D. That is, the vertical through A 
divides the side BCinto two segments proportional to the 
vertical components acting at B and C. 

257. The oommon roof-truss, in which A B is equal in 
length to A C, and the angle a equal to /8, is the most usual 
f una of the triangular frame. 
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For this case we would have 

W 

Ai = Ac = i , btn = ^W tan a, and Am = An = iW. 

cos a' * ' * 

Represent by 21 the length of B C, d, the length of A D, 
and A, the length of A B = A C, and substituting in the fore- 
going expression, we have 

AJ = Ac = iW^, and bm = cn = iW^ 

which are fully given for any assumed value for W when 
either two of the quantities in the second members are 
known. 

If, instead of a single weight, the frame had been strained 

by a uniform load distributed over the inclined pieces A B 

and AC, w6 may suppose the whole load to be divided into 

two equal parts, one acting at the middle point of A B and 

tlie other at the middle point of A C, the discussion of which 

'^^ould have been similar to that of the previous article. 

If the frame be inverted (Fig. 73) the metliod of calculat- 
ixig the strains will be the same. Under this supposition the 




Fig. 78. 

strains in the inclined pieces will be tensile instead of com- 
pressive, and in the horizontal piece B C will be compressive 
instead of tensile, the expression for the intensities remaining 
the same. 

258. The jlb-orane. — The machine known as the jlb- 
osane, which is used for raising and lowering weights, is an 
example of a triangular frame. Its principal parts are 
a voitical post, B C ; a strut, A C ; and an arm or tie-bar, A 8. 
(Fig. 74.) 

Ordinarily, the whole frame allows a motion of rotation 
aronnd the vertical axis, B C. 
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The weight, W, suspended from the frame at A is kept 
from faUing bj resistances acting in the directions A B and 
A C. There being an equilibrium of forces ac A, the resultant, 
W, and the direction of the resistances being known, the in- 
tensities of these resistances are easily determined. 



6.,.."^ 
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Fig. 74. 



Eepresent W by Arf, and construct the parallelogram khdc. 
AJ and kc will represent the intensities of the forces acting to 
keep W from falling. 

From the parallelogram we have 



A(? = W 



sin /8 



sill (a -I- ^y 



(128) 



which, as it is seen, produces compression on the strut A C, 
and a transverse shearing strain at C on the part B C. Its 
horizontal component divided by the area of cross section of 
the part B C, gives the shearing strain on the unit of croes- 
section. 

sin CL 

We have also AJ = W -; — ;- -t-^m 

sm (a -V p) 

for the strain acting in the direction of A B, tending to elon- 
gate it, and to produce a cross strain on B C. The greatest 
bending moment is at C. Knowing the strains, it is a simple 
problem to proportion the pieces so that the crane may be 
able to lift a given weight, or to determine the greatest weight 
which a given crane may lift with safety. 
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COMBINED TRIANGULAR FRAMES. 

. Open-biiilt beams constructed by connecting the upper 
d lower pieces bv diagonal braces ai-e examples of com- 
ations of triangular frames. 

Triangular Bracing. 

2€0. Triangular bracing Tvith load at fVee end. — Take 
a l>^5am of this kind and suppose it placed in a horizontal 
ix^^sition, one end Jirmly ^fixea, the other J^ree to moveyand 
^^^r^ceined hy a force acting at tJiefree end. Suppose the tri- 
*^Tig^leB formed bv the braces to be equilateral (Fig. 75) and 
disregard the weight of the beam. 



Fig, 75, 

Reprefent by W the force acting at A, in the plane of the 
axos of the pieces of the frame and perpendicular to A C. 

Tlio force W acting at A is 8uj)])orted by the pieces A B 
and A A', and produces a strain of compression in A A' and 
tension in A B. Laying oflF on A W the distance kd to represent 
W, and constructing the parallelogram kbcd^ we have kc and 
AJ representing tlie intensities of these strains. 

From the parallelogram there results 

W 

A(j= , and AJ = W tan a. 

cos a 

The compressive force kc is transmitted to A' and there 
Bnppoi*ted by the pieces A'B and A'B'. Resolving this force 
at A' into its components acting in the directions of A'B and 
A'B', we have k'a = 2W tan a, which produces compression 

W 

in A' B\ and A' J' = , which produces tension in A'B. 

' cos a' ^ 

This tension A' J' is transmitted by the brace to B. Re- 
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solving it into its components in the directions B B' and B C, 
we have 

Compression on B B' = , and 

^ cos a 

Tension on B C = 2W tan a. 

The tension at A is transmitted through the beam to B, 
hence the tension at B is equal to the sutn of them, or 

Tension at B = 2W tan a + W tan a = SW tan a. 

Continuing this process, we find that the force "W, strains 

all the diagonals equally, but by forces which are alternately 

compressive and tensile, and the expi-ession for which is 

W 

. In this case the braces numbered odd in the fieure are 

cos a " 

compressed, and those even are extended. 

The strains on the upper and lower beams are cumulative, 

receiving equal increments, each equal to 2W tan a, at each 

point of junction of the brace with the beam. Hence, in this 

case, for the upper beam we have 

W tan afor A B, 3W tan a for BC, 5W tan a for C D, etc., 
and for the lower, 

2W tan a for A'B', 4W tan a for B'C, 6W tan a for CD', etc. 

Having determined the strains on the different parts of 
the frame produced by a force W, it is easy to find the 
greatest weight that such a frame will support, or to propor- 
tion its different parts to resist the strains produced by a given 
load. 

The triangles taken were equilateral. If we denote by d 
the altitude E'x of one of these triangles, or depth of the 
beam ; by I, the length of one of the sides F E, or distance 
between the vertices of two adjacent triangles, wliich we will 
call a bay ; and express the values of cos a and tan a in terms 

J 7 

of these ; then we have cos a = , , and tan a = ^3-3. Substituting 
which in the foregoing expressions, there obtains ^ W for the 

strains on the diagonal, and -j W for the increment to be 

added at each point of junction. 

To find the strain on any segment ; as, for example, E F. 

The tension on A B is W tan a = ^^W, to which add four 

2a 



TRIANGULAB BRACING. 



193 



eqiistl increments, there being four bays between A and the 
segment E F, and we have, for the strain of tension on E F, 

91 
9W tan a, or its equal o^W. 

26 X. Triangular Braoing Strained by a Uniform Load. 

— Stippoee the strains on tlie same beam to be caused by a 
wei^lit uniformly distributed over either the upper or lower 
beaii::! of the frame. 

Lot A E F A' (Fi^ 76) be an open-built beam supporting a 
load 'Uniformly distributed over the upper beam A E. 

I^onote by w the weight distributed over any one segment. 
, ^^o may, without material error, suppose trie whole load 
divi<J^(j into a number of equal parts, each equal to tliat rest- 
ing oxi the adjacent half segments, acting at the points A, B, C, 
etc., ^^here the braces are connected with the beam, A E. 




Fro. 76. 



Since there ar^ four of these bays, the total load is 4^, the 
^^tioii of which may be considered to be the same as that 
P^odticed by the weight w acting at each of the points B, C, 
^'^^ D, and \w at A and E. 

The strains on A B, A A', A'B, and A'B' are due to the height 
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2 Acting at A, and are determined as in the preceding case. 

.. Tile strains on B C, B B', B' C, and B'C are due to the ac- 
^^*^ of the weight w acting at B, increased by the strains due 

^ actmg at A. 

■*^e strains on the remaining parts are due to the weight 
^^iug at each vertex, increased by those transmitted from the 
*^^ts to the right of them. 

^ -^lence it is seen that the strains on each of the pieces in 

fei "^ pair of diagonals are equal in amount, but different in 

^1 ^> and increase as they go from the point of application to 

th^ I>oint8 of support for each set ; and tliat the strains on 

g^^ Segments of tne upper and lower beams increase in the 

^^^ oirection. The rate of inci^ease can be easily determined. 
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MBTHOD OF MOBffBNT& 

262. The strains on the different pieces may be obtained 
b}^ nsin*^ the principle of moments, or, as it is frequently 
called, the "method of sections." This method consists in 
supposing the frame divided by a section cutting not more 
than three pieces. Then taking the intersection of two of 
these pieces as a centre of moments, we must have for equih'- 
briuin the moment of the strain in the third piece, with refer- 
ence to this point, equal to the sum of the moments of all the 
external forces to the right or left of this section with refer- 
ence to the same point. 

Let it be required to find by this method the strain on the 
segment E F (Fig. 75). 

If we suppose the upper beam cut in two at a? by a plau^ 
surface, that portion of the fi-ame to the right of E'a? tends Vx) 
turn around E'. The moment of the force producing this is 
W X Aj3. This tendency to rotation around this point befc^nre 
separation is opposed by the resistances to tension oflFered '^y 
the fibres in tliis segment, the resultant of which is i^-e- 

farded as horizontal and coinciding with the axis of the upj^iser 
cam. 

Let T' be the resultant or sum of the tensile resistaa ^a& 
brought into play in the cross-section at x. T' X E'a; wilL be 
its moment with respect to E\ Since there is an equilibriM^Bin, 
we have 

T' X E'a; = W X Aaj, or 

T' X ^ = W X ^l\ hence 

T' = 4^ j-W, the same value before deduc^^ 

This method, in many cases, is the more convenient ^^^ 
for determining the amount of strain on the parts of a fr^^'®» 
and its use is simply a matter of choice. Its use is rec^^*"' 
mended as a check on the calculations made by the at**^ 
method. 



Vertical and Diagonal Bracdng. 

263. Suppose the triangles, instead of being equilateral, to 
be right-angled, as in Fig. 77, and the beam strained by» 
load, W, as in the })reccding case. 

The strains on the upper and lower beantis would be rd* 



YEBTIOAL AND mAQOlXAJs BSAdNG. 



195 



BI>^<^vely tensile and compressive, and cumulative as in tiie 
preceding case. 




e expression for the equal increment would be 

Wtana. 

'Fhe force acting on the diagonals womd be compressive 
equal to 



W 



cos a 



, same as in preceding case. 



^^^The strain on the verticals would be tensile and equal to 
^^ for each. 

I&epresentiug by 

hj the length of a diagonal, A A^ 

ly the length of a segment, A B, 

dj the length of a vertical, A'B, we can write 

I 



W tan a = W -T-, and 



COS a d d ^ 



(129) 



er 

tk 



re 
it 
so 
h 



llXi 



ressions more frequently used when calculating the strams 
n the expressions involvi ng t he circular functions. 
~ , in the preceding cases, W had acted in the opposite di- 

ion, that is, pushed the point A upward instead of pulling 

own, or the same thing, the frame had been turned over 
-%hat the upper beam became the lower, the strains would 
"^^e been aetermined in the same manner with similar 
nits, excepting that the inclined pieces would have been 

ended instead of compressed, and the verticals compressed 
tead of extended. 
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ANQLB OF EOONOMT. 

264. Let it be required to determine the angle which -^i^lie 
braces should make witli each otlier,60 that with the miniin'M-^ >n 
amount of material in them, the most useful effect may 
jmKluced. 

All things being equal, the efficiency of a brace increa^ 
with the amount of strain it resists successfully, and with tz i:^e 
horizontal distance between its extremities. Its volume ia^ a 
direct function of its length and cross-section. 

Take a triangular frame, the inclined sides of which ^^:k^ 
equal in length and of uniform cross-section ; the weight -^o 
be supportecl and the distance between the points of supp^i:^:^ 
being given. 

It is rea Hired to find live angle that the indinsd sides sho^^^^^ 
make with ea^h other so that the volume ofmMerial in ih^^^^j^ 
shaU he a minimum. 

Denote by (Fig. 78) 

A, the length of A B = A C, 

% the length of B C, 

d^ the length of A D, and 

2W, the weight to be supjjorted at A. 

h 
The strain on A B is equal to W -3-. 




Fig. 78. 



From this expression it is seen that, W bein^ constant, tl\e 
strain on the brace varies directly with h and inversely with 
d. Assuming a particular value for A, the strain increases as 
d decreases ; and the converse. The strain on the braces in 
this case is one of compression. Suppose the resiBtanoe 
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offe red to this stittin bj the brace to vary directly as the cross- 
sectioii, and represent the cross-section by 5^. Let C be the 
limit of strain allowed upon the unit of cross-section for the 
material of which it is composed. We can then write the 
following equation : 



wA^S^xC', .... (130) 



from which we obtain 

and 

W A' 
5^A = -Tv" X -Tj for the volume of the brace. 

Substituting ^ -I- ? in this expression for h\ we have 

W cP -^ P 
Volume of brace = ^7 x — -y — . . (131) 

-^ *^ci value otd = I niakes this function a minimum. Hence, 
^'^ci jangle made by the brace with the perpendicular A D let 
l^^ I from A on the side B C is equal to 45°, and that between 
^^ l)race8, 90°. 

I If the frame be turned over and the weight suspended from 

*^^ veitex A, the discussion would remain the same, only that 

l)races would become ties instead of struts. 

he resistance to tension in a tie varies directly with the 

I ^^ of cniss-section, however long the piece may be, and 

' ^^:r^fore the angle above obtained is the true angle of econ- 

"*^^^^' in all cases for ties. This is not the case for struts, for 

^V^eriment has shown (Art. 202) that when the diameter is 

V^«4ll in comparison to its lengtn, the resistance to compres- 

^^^^Ti becomes also a function 01 its length, which latter must 

^^^ duly considered. 

. The angle of economy for a strut when its length exceeds 

"^^^ diameter more than fifteen or thirty times can be deter- 

^^uncd by taking the formulas deduced from Hodgkinson's 

cxperiment^ for finding the strength of pillars, and following 

the steps just describea. 

Merrill, in his " Iron Truss Bridges," gives the angle of 
economy for a cast-iron strut in a triangular frame at 27° 51', 
ov the depth of the frame to be a little greater than one-fourth 
of the span. In diagonal bracing with vertical ties (Art. 263) 
Jie gives tlie angle of economy for the struts to be 39° 49' 
with tho vertical. 



;\8T IV. 



/d.vTTER IX. 



ii«f -irc of erecting Btriictiires in Btone, 



■«.i 



"•-x 



iie nature of the material used, into 

i ?i»iuk»nry ; from the manner in which 

. J ^vu. into outstone, ashlar, rubble, and 

.^ \ . . iUvl fn»m the mode of laying the 

-^ ^ tlrT jfciid regular masonry. 



i.v>*.>NKY STRUCTURES. 

^. ^ suuotures are divided into classes accoi-d- 
"*' ' : ^iiain* they are to sustain. Their forms 
. .V viciorminod by the amomit and kind of 
^v^.iirtd to i-osist. They may be classed as 

..cii >u»tain only their own weight; as walls 



/..v.i, ?>t*ides their own weight, are required to 
..*' pive*uiv arising fix»m a weight placed upon 
* ^ v.»;i% •-•t a building, piera of arches, etc. 
!^^^ , lUli, iK'didoE* their own weight, are required to 
^ / I:4ii5»t ; as a wall supporting an embankment, 

' »i^^^. whlclu j^ustaining a vertical pressure, are sub- 
. '»5i:.*^v'J'M* Strain ; as lintels, ai*eas, etc. 
^liv^i' \v!uvh :iiv ivi^uircd to transnn't the pressure thoy 
> r^xci^**' 'v> l»icrttl jH>ints of sujHK)rt; as arches. 
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WALLS. 

267. Definitions. — In a wall of masonry the Eront is called 
the fkoe ; the inside or side opposite, the baok ; the layer of 
stones which forms the front is called the ftioixig, and that of 
the back, the backing ; the portion between these, forming 
the interior of the wall, the filling. 

If a uniform slope is given to the face or back, this slope is 
termed the batter. 

The section made bv a vertical plane passed perpendicular 
to the face of the wall is called the profile. 

Each horizontal layer of stone in the wall is called a oourse ; 
the upper surface of the stone in each course, the bed or 
build ; and the surfaces of contact of two adjacent stones, 
the joints. 

When the stones of each layer are of equal thickness 
throughout, the term regular ooiirsing is applied; if un- 
equal, irregular or random ooursing. The particular ar- 
rangement of the different stones of each course, or of con- 
tiguous courses, is called the bond. 

Walls. — The simplest forms of walls are those generally 
Dsed to form an inclosing fence around a given area, or to 
form the upright inclosing parts of a building or room. 
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268. A retaining ^w^all is the term used to designate a 
vrall built to support a mass of earth in a vertical position, or 
one nearly so. The term sustaining is sometimes applied to 
ihe same case. In military engineering, the term revetment 
wall is frequently used to designate the same structure. 

The earth sustained by a retaining wall is usuallv deposited 
behind and against the back after the wall is built. If the 
wall is built against the earth in its undisturbed position, as 
the side of an excavation or cutting, it is called a faoe-'virall, 
and sometimes breast-'viraU. 

Reservoir vralls and dams are special cases of retaining 
walls, where the material to bo supported is water instead ol 
earth. 

Counterfbrts are projections from the back of a retaining 
wall, and are added to increase its strength. The projections 
irom the face or the side opposite to the thrust are called 
buttresseis. 
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AREAS, UNTELS, AND PI^TB-BAMDS. 

269. The term area is applied to a mass of masonry, usually 
of uniform thickness, laid over the ground enclosed by the 
foundations of walls. 

Tlie term lintel is applied to a single stone, spanning an 
interval hi a wall ; as over the openingf or a window, door, etc. 

The term plate-band is applied to the lintel when it is 
composed of several pieces. The pieces have the form of 
truncated wedges, and the whole combination possesses the 
outward appearance of an arch whose under suriace is plane 
instead of being cm-ved. 



270. An aroh is a combination of wedge-shaped blocks, 
called voussoirs or arch-stones, snppoititig eacli other by 
tlieir mutual pressures, the combination being supported at 
the two ends. (Fig. 79.) 

These blocks are truncated towards the angle of the wedges 
by a curved surface, generally normal to the joints between 
the blocks. 

The supports against which the extreme voussoirs rest are 
generally built of masonry. 




Fig. 79. 



If this mass of masonry, or other material, supports two 
successive arches it is called a pier; if the pier be strong 
enough to withstand the thrust arising from either of the 
arches alone, it is called an abutment pier; the extreme 
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piers which support on one side an embankment, generally ol 
earth, and on the other an arch, are called abutments. 

The inner surface of the arch is called the intrados or 
soffit. The exterior surf ace is termed the extrados or back. 
The sides 'of the arch are called reins or haunches. The 
highest line of the soflSt, that projected at C, is called the 
OTGWiij hence the term crown is sometimes applied to the 
upper portion of the arcjh. The highest voussoir, the one at 
C, IS called the keystone of the arch. 

The connection of the arch with the pier is called the 
impost. If the top surface of an abutment or pier is sloped 
to receive the end of the arch, this surface is called a ske'vir- 
back. The line at which the soffit of the arch begins, or 
springs from its piers, is called the springing line. The 
stones on which the springing lities rest are called the cushion 
stones. When the arch is terminated by plane surfaces, 
these are called the heads of the arch. The axis of the sur- 
face formiufi^ the soffit is the axis of the arch. 

The chord, A B, of the head, is termed the span, and the 
height, H C, of the keystone above this line, is termed the 
rise. The length of *^ the arch is that of the springing line. 
The courses of stoties pai-allel to the head of the arch are 
called ring-courses. The courses which run lengthwise of 
the arch are termed string-courses. The joints between the 
different ring-courses are called heading Joints. Those be- 
tween the different string-courses are termed coursing or 
bed-joints. 

A wall standing on an arch and parallel to the head is 
called a spandrel-i^all. 

271. Classification.^ — Arches may be classified according 
to the direction of the axis with respect to a vertical or hori- 
zontal plane, or according to the form of the soffit. 

A right arch is one whose axis is perpendicular to the 
heads. The arch is called oblique or askei^, when the axis 
is oblique to the heads; and rampant, when the axis is 
oblique to the horizontal plane. 

Arches are termed cylindrical, conical, i^arped, etc., ac- 
cording as the soffit is cylindrical, conical, etc. 

272. The cylindrical arch. — The cylindrical is the most 
usual and the simplest form of the ai-ch. A section taken at 
right angles to the axis is called a right section. 

These arches are classified according to the shape of the 
curve cut out of the soffit by the plane of right section. 

If the curve be a semicircle, the arch is called a fVill 
centre arch ; if a portion of a semicircle, a segmental arch. 



202 



CIVIL SKGINEKBING. 



When the section gives a semi-ellipse, the arch is called an 
elUptioal arch ; if the curve resembles a semi-ellipse, but is 
composed of arcs of circles tangent to each other, the term 
oval of three, five, etc., centres, according to the number of 
arcs usod, is applied to designate it. 

273. Groined and Cloistered Arches. — ^The intersection 
of cylindrical arches having their axes in the same plane, and 
having the same rise, form the arches known as groined and 
cloistered.. 

The groined arch (Fig. 80) is made by removing from 
each cylindrical arch those portions of itself which lie with- 
in the corresponding parts of the other arch ; in this way, 
the two soffits are so connected that the two arches open 
freely into each other. 




Fio. 80 — Represents the plan of the soffit and the right sections M and 

N of the cylinders forming a gained arch. 
aa^ pillars supporting the arch. 
bc^ groins of the soffit. 
cm^ mn, edges of coursing joint. 

A, key- stone of the two arches formed of one block. 

B, B, groin stones, each of one piece, situated below the key-stone, and 
forming a part of each arch. 



The curves of intersection of the soffits form the edges of 
salient angles and are termed groins, hence the name of the 
arch. 

The cloistered arch (Fig. 81) is made by retaining in each 
cylindrical arch only those portions of itself which lie within 
the corresponding portions of the other arch ; thus, a portion 



the soffit of each arch is eDclosed within the other, these 
"tioDS forming a fonr^ided vaulted ueihng 



» faorlKmta] section 
kxongh th« walla BapportiiiK tht ftrch aad 
an of tlie HoSt of a oloiateied aroh. 
B, tiie w«JU of the endoEore or tXmt- 
.«ntfl of tb« ftiobeB. 
omrea of inteiMotion of the Boffitl. 
gToia atonee. 






Chis arch was much used in forming the ceiliiige of the 
Ls of monasteries ; frova their object and use is derived the 
m ololfltered. 

574. Annular arohea. — An annular arch is one that ma; 
^nerated by revolving the right section of an arch about 
»De lying in the plane of the section, but not intersect- 




i; it This line is usually vertical and also perpendicular 
.the epan of the arch. (Fig. 82.) The axis is carved 
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being deecribed by the centre of the carve of right Bectton. 
The coiiraing joints are conical, and the heading joints are 
plane surfaces. 

275. Domes. — An arch whose soffit is the snrface of a 
heniispheie, the half of a spheroid, or other similar surface, 
is called a dome. The soffit may be generated by revolving 
tlie curve of riglit section about the rise for 360°, or alK^nt 
the span for 180°. In the first case the horizontal section at 
the springing lines is a circle, in the other it is the generating 
curve. 

The plan may be any regular figure. Fig, 83 ropreaents a 
plan and vertical section ot an octagonal dome. 




Pio. 83.— A, vertical section of octagfODal d 

e, B, horizontal section and plan of soffit. 

276. Conioal arohea. — Their name explains their con- 
struction. Thev are but rarely used, in consequence of the 
varying sizes of the voussoira. 

277. Arches with warped sofflta. — Arches, whose 
soffits are warped surfaces, are freqneiitly used. The partio- 
.nlar kind ttf warped surface will depend upon circumstances. 

A common example of this class is an arch which has the 
same rise at the heads but unequal spans. The soffit in this 
case may be generated by moving a straight line so as to con- 
tinually touch the curves of section of tlie soffit at the heads, 
and at the same time to remain parallel to the plane of the 
springing lines. A surface generated in this maimer belongs 
to the class of warped surfaces having a plane director, lii 
partic'ilar cases it is a conoid, hence the name of oonoldal 
arches is frequently applied to tJiis kind. 
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Arches whose Boflita may be thus generated possess the 
Rdvantfl^ of having straight lines for the edges or the joints 
mnning lengthwise in the soffit. 

278. Oblique or askew arches- — An arch whose axis 
tnakee an angle witli the head is called oblique or aeke'w. 
In archee of this kind the chord of the arc of the head is the 
apan. The angle of obliquity is the angle which the axis 
makes with a normal to the head. 



MECHAKICS OF MASONRY. 
DISTRIBirftOH OF PREBSURB. 

279. The base of a stmctore supports the weight of the 
Btrnctnre and the pressure arising from the load placed upon 
the structure or from the thrust which the structure is re- 
quired to resist. 

For stability, it is necessary that the resultant pressure 
should intersect the base within the polygonal figure formed 
by its sides, and tliat the forces acting within the base be 
compressive. 

The point in which the resultant pierces the plane of the 
base is called t)ie oentre of pressure. 

It is necessary to know what the pressure upon the differ- 
ent points within the base may be, and to determine the 
limits of deviation of the centre of pressure from the centre 
of figure of the base. 

Suppose the resultant pressure to be normal to the plane 
of the oase. 

280. Normal pressure. — Suppose a series of blocks, rect- 
angular parallelopipedons in form with equal bases, but 
(Fig. 84), whose altitudes in- 
crease in arithmetical progres- 
sion, be placed side by side on a 
given plane area, A B C D. It is 
evident that the pressure on the 
area, A B C D, is lees for that part 
under block ], than it is for the 
part under block 5, and that the 
pressure on any part of A B C D 
will be dii«ctiy proportional to 
the altitude of the block resting 
upon it. 

If these blocks be very thin, ^_^ ^ 

that is, the width of the bases '^'"' "' 

measured in the direction of A 6 be infinitely sniaU, 
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the minimum altitude being A E and the greatest being B F, 
tile ordinates of the trapezoid, A E F B, may then be taken to 
represent the pressure upon the area, ABC D. And since 
this line, E F, passes through the middle point of the upper 
side of the end of eac;h block, the total presetirc on A B C D by 
the blocks, 1, 2, 3, 4, and 5, is equal to the total preBeure shown 
l>y the trapezoid, A E F B. If B C be, also, infinitely small, 
then A B C D F will be an elementary volume, whose pressure 
at any point mav be rdpresented by the corresponding ordinate 
of the trapezoid. Hence, a uniformly varying pressure acting 
on any base may be represented at any section normal to tire 
ba^ie by the area of a trapezoid, the centre of pressure lying 
directly under the centre of gravity of the trapezoid. 

281. Uniform pressure. — If the blocks were all of the 
same size and of tho same material, the pressure on a unit of 



wmw^^'^TTwr 




area would be the same for every point of the base, and tbo 
centre of pressure would coincide with the centre of the basfc 
The line E F (l-'ig. 84) would be parallel to A B. 

The system of forces acting to produce the pressure may 
be represented in this case by a rectangular parallelopipedon 
of homogeneous density, of which the rectangle is Uie base. 
(Fig. 85.) 

y/^t A B C D be the area pressed by this system of forces, and 
r, the resultant of this system. From what precedee, P uto 
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through the centre of gravity of the rectangle, and the 
pressure on each unit of area will be — . 

282. Uniformly varying pressure. — Suppose the pressure 
to be zero along the line A D (Fig. 84), and to increase uni- 
formly toward B C, along which the pressure is equal to B F. 
The system of forces producing this pressure may be repre- 
sented by a wedge-shaped mass of homogeneous density, as 
shown in Fig. 86. The centre of pressure, in any section par- 
allel to A B, IS below the centre oi gravity and to the right of 
the centre of base, at a distance equal to one-sixth of A B. The 
centre of pressure of the whole mass will therefore be at K on 
the line X X'. 

The pressures on each of the lines parallel to A D vary as 
the ordinates of the triangle, N L M, and it is evident that the 

pressure P at 0, the centre of the rectangle, is equal to — , 

j^ 

the mean pressure on the surface of the rectangle. 

The pressure at X will be equal to zero, and at ^ twice that 
at 0. 

To find the pressure P' at any distance x from 0, measured 
on the middle line X X' we have, representing the sides of the 
rectangle by 2a and 2i, 

P 



: P' : : N H : N P, or a : a 4- a?, 



whence, 



^' = 1(^0 (132) 



283. Uniformly varying pres- 
sure oombined 'with xmifomi 
pressure. — If we suppose the 
wedge-shaped mass or the last 
case placed upon the rectan- 
gular parallelopipedon of the 
previous case, so that the base of 
the wedge shall exactly coincide 
with the upper base of the paral- 
lelopipedon, the corresponding 
pressure upon the base may be 
representea by Fig. 87. In this 
case, the centre or pressure will 
be, as before, below the centre 
of gravity of the mass represent- 
ing the system of forces and to the 
ri^t of the centre of base, 0, a 




Fig. 87. 
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Tlirongh V draw a straight line V^ V3, so that V shall be its 
iniddle point. The point V^ would have for its abscissa 2x\ 
und V2 for its ordinate 2y'. 




Fig. 88. 

The resultant P being resolved into two parallel compo- 
nents acting at V^ and Vg, these will be each equal to -^. 
From the preceding we have the pressure at any point pro- 

3 X 2xx'^ 



tdmg 
duced by a force at Vi to be 



^■=m('* 



and for that produced by the force at V2 to be 

-^« "■ 2A \^ ^ S" r 

and hence the total pressure on the unit of area due to P 
acting at V, at the point whose co-ordinates are x and y, will 
be 



a%tf 



_P/ , 3x'x S^y 



). . (135) 



The pressure at the different points of the base may be 
determmed in a similar way when the base is a circle, ellipse, 
lozenge, etc. 

285. General solution. — It is evident that there is a ten- 
dency to produce rotation about some right line in the base 
whenever the resultant pressure pierces the plane of tfie 
base in any point excepting its centre of figure. Kegarding 
the base as a cross-section, this right line will be its neutr^ 
axis. 

14 
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Aod since the condition is imposed that all the forc^' 
acting within the base shall be compressive, it is evident th; 
this neutral axis must remain outside of, or at least tangent t" 
the base. If the neutral axis should intersect the base, it ^&> 
plain that the portion of the base on the same side witli tL. 
centre of pressure would be compressed, while the portion c 
the base on the other side would be subjected to a strain r »f 
extension, a condition which is not allowable. 

The centre of pressure of any section is the centre of pe :»-- 
cussion of the plane area representing it. Hence, the generaaB.! 
solution obtained from mechanics for obtaining the centres 
percussion and axes of rotation for any plane figure may k: 
applied to these cases. 

The normal pressure upon the base is generally produc^^<i 
by a uniformly distributed load, by a uniformly varying 
or by a combination of the two, placed upon the structui 
These are the cases which have been considered. 

280. Symmetrioal base. — In general the blocks used 
building have a plane of symmetry, and these loads abo"^^ 
named are symmetrically distributed with respect to tl^*^ 
plane and to the base of the block. It follows, therefoi"''^^ 
that the resultant pressure pierces the base in its axis ^^^ 
middle line. ^ 

For such cases the expression for the pressure on any po*^ 
will be of the general form, 

Kx'x 



P«= Z(^^^)' • • • (^^^) 



in which K is a positive coefficient depending upon the figi^ 
of the base. We have found it equal to 3 for tlie rectangl^ ^ 
we would find it equal to 4 for the ellipse or circle, and 6 f^-^* 
the lozenge, 2a being the longest diameter. Hence we ccr'^' 
elude that the pressure is more equally distributed over a t^C^'^1 
angular base than over a circular, elliptical, or lozenge-shap^ 
one. 

In the general expression for Pj. it is seen that in tl^^ 
rectangle if x' is greater numerically than ± Ja, that th^ 
corresponding values of a = :p^ give negative values for P^^ 
That 18, there will be no pressure on the opposite edge ; ofJ 
the contrary, there will be tension, and the joint will open of 
teiid to open, along this line. If a;' = ± -Ja the values of Pg^ 
for a; = ± a are ; that is, there is no pressure on the edge. 
Hence, if the pressure is to be distributed over the entire 
base, the resultant must pierce it within the limits of ± i«. 

287. Oblique pressure. — In a large number of caaesi 
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especially in structures of the third and fifth classes, tho 
resultant pressure has its direction oblique to the plane of 
the base. 

This resultant may be resolved at the centime of pressure 
into two components, one normal to the plane of the base 
and the other parallel to it. The former is the amount of 
force producing pressure on the base, and is to be considered 
as in the preceding cases. The latter does not produce pres- 
sure, but acts to slide the base along in a direction parallel to 
its plane. The effect of sliding will be alluded to in future 
articles. 



BCASONRY STRUOTURBS OF THB FIRST AND SECOND 

CLABBBS. 

288. The strains which these structures sustain are pro- 
duced by vertical forces. 

For stability, the resultant pressure should pierce the plane 
of the base at a distance from its middle line not greater than 
one-sixth the thickness of the wall at its base. 

The wall having to support a load, either its own weight 
alone, or its weight with a load placed upon it, the largest 
stc»nes should be placed in the lower courses, and all the 
courses so arranged that they shall be perpendicular, or as 
nearly so as practicable, to the vertical forces acting on the 
wall. Great care should be taken to avoid the use of con- 
tinuous vertical joints. 

The thickness of the wall will depend upon the load it has 
to support and the manner of its construction. 



STRUOTURXIS OF THE THIRD OLASS. 

289. Retaining '^alls, besides supporting their own 
weight, are required to resist a lateral tnrust wnich tends to 
turn them over. 

Observation has shown that if we were to remove a wall 
or other obstacle supporting a mass of earth against any one 
of its faces, a portion of the embankment would tumble down, 
separating from the rest along a surface as B R (Fig. 89), 
which may be considered a plane ; and that later more and 
more of the earth would fall, until finally a permanent slope 
as B S is reached. 

The line B R is called the line of rupture, the line B S 
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tlie natural slope, ard the angle made by the natural slope 
with the lionzontal is termed the ang^le of repose. The 
angle C B R Ib called the angle of rupture. If dry sand be 
poured out of a lewtel with a spout upon a flat Btirface, the 
sand will foim a eoiiical heap, the aides of which will make 




a particular angle with the hnrizontal, and it will be found 
that the Bteepiiess of this slope caunot be increased, however 
iiidieioiiBly tlie sand may he poiired, or however caref ally it 
IS heaped up. This slope or angle of repose varies for differ- 
ent earths, f>enig as much as 55° for heavy, clayey earth, and 
as little as 20° for fine dry sand. 

This prism of earth C B R, which would tumble down if 
not stistainerl, prosj^es against the wall, producing a horizontal 
tlirust, and the wall should be made Btnmg enough to resist 
it. 

290. Two distinct problems are presented : the first beim; 
to ascertain the intensity of tiie thrust exerted ai^ainst the wall 
by the earth ; and the second, to detennine the dimensions 
of a wall of given form so as to snccessfnlly resist this thrust. 

The intensity of the thrust depends \\\^\\ the height of the 
prieiii. and upon the angle of rupture. 

The angle of rupture, or the tendency in the earth to slip, 
is not only different for the vai-ious kinds of earth, but is 
different in the same earth, according as it is dry or saturated 
with water, l>eing greater in the latter case. 

The manner in which the earth \9,filUd in, behind the wall, 
affects the intensity of the thrust, the latter being less when 
the earth is well rammed in layers inclining from the wall 
than when the layers slope towards it. 

Therefore, in calculating the amount of resistance the wall 
should have, the effeot produced by the maximum prism of 
pressure under the most unfavorable circumstances enoald be 
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considered. The greatest pressure that earth can produce 
against the back of the wall is when the friction between its 
grains are destroyed, or when the earth assumes the form of 
mud. The pressure under these circumstances would be the 
same as, that produced by a fluid whose specific gravity was 
the same as earth. 

291. Retaining walls may yield by sliding along the base 
or one of the horizontal joints ; by bulging ; or by rotation 
around the exterior edge of one of the horizontal joints. 

If the wall be well built and strong enough to prevent its 
being overturned, it will be strong enough to resist yielding 
by the other modes. 

Hence, the formulas used in determining the thickness of a 
i-etaining wall are deduced under the supposition that the only 
danger to be feared is that of being overtuined. 

Having determined the horizontal thrust of the prism of 
pressure, its moment in reference to any assumed axis can be 
obtained. 

A wall to be stable must have the moment of its weight 
about the axis of rotation greater than the moment of the 
overturning force about the same line. 

The term stability in this subject differs slightly in it» 
meaning from that previously given it. A mass is here said 
to be stable when it resists without sensible change of form 
the action of the external forces to which it is exposed — the 
variations produced by these forces being in the reactions of 
the points of support and the molecular forces of the body, 
and not changing in any way the form of the mass. 

The excess of moment in the wall, or factor of safety, as 
we have heretofore designated it, will vary in almost every 
special case, being much greater for a wall exposed to shocks 
than when it has to sustain a quiescent mass ; greater for a 
wall poorly built, or of indifferent materials, than one of bet- 
ter material and well constructed. The formulas which are 
used give results which make this factor of safety at least 
equal to 2, or twice as strong as strict equilibrium requires. 



SETAiNiNG WALLS, 'wlth baok parallel to the face. 

292. Let it be required, to find the thickness of a retaining 
wall J the upper surface of the enibankment being horizontal 
and on a level with the top of the wall. The wall being of 
uniform thickness, with vertical face and back. 
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Denote by (Fig. 90), 

H, the height B C of tho wall, 
b, " thickueBS A B of the wall, 
w, " weight of a unit of volume of the earth, 
w', " " " same unit of volume of masonry, 
a, " angle C B S of the natumi elope with the verti- 
cal B C. 
j3, " angle S B F of tlie natuial slope with the hori- 
zontal. 
Let it he afisuined that the density and cohesion of the 
earth are uniform thronghont tlie mass. The pressure ex- 
erted against tlie wall may then be represented by a single 




resultant force acting through the c 
surface of the wall. 



ntre of pressure on t! 



If we suppose the prism C B S to act as a solid piece, t '~^^,„ 
iriction along B S would be just snflicieiit to prevent Blidii^jSS 
and there would be no horizontal thrust. This is true i^^^ 
any priiirn making an angle less than 0. ^,— «- 

The horizontal thrust njwn the back of the wall most then^""'^ 
fore be due to a mass of earth, the lower snrfaee of whic^^^^ 
makes a greater angle with the horizontal than ff, ^-^s^ 

Let B R be a plane which makes an angle greater than ^^j 
and i-epix'^ent by ^ the angle which it makes with the natura— ' 
slope. 

Wo mav supfKise two cases : one in which there is no fric 
tion existing between the prism and the plane which support*- 
it ; and the other, in whicn there is friction. 

In the tir^t uase, the horizontal thnist would be equal to 
that of a duid whose S[>ecific gravity is the same as tlut of 
the earth, or 

llor. thrust = Ji^IP. 
the centre of pressure being f H below C. 
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In the second case, the friction between the plane and 
prism is considered, and if we denote by P the horizontal 
component of the pressure acting to overthrow the wall, and 
neglect the adhesion and friction of the earth on the back of 
the wall, we have, supposing ^ = ^a, 

P = it^7ff tan» ^ . . . (137) 
The moment of this force about the edge A will be 

o 

The moment of the weight of the wall about the same line 
is M = Jt^?'Hi». 

Equating these moments, we have 



whence, 



i«7'HJ'=i«7H»tan»« x ^H; 



J = Htaii.^VlH., .... (138) 



fgr the value of the thickness of base to give the wall to resist 
the pressure due to P. 

It can be shown that the maximum prism of pressure will 
be obtained when the angle of rupture, C B R, is equal to 
\ (90° —/9), or equal to \a. This has also been proved by ex- 
periment. Substituting for <^ this value in the expression 
for J, and we get. 



J^HtanJ^lj W 



The value for P may be put under the form, 

P=iH»^7X ^""^!"^ , . . . (140) 

1 + sm p' ^ ' 

which is the form in which it frequently appears in other 
works when treating this subject. 
Suppose B R to coincide with B S, then <^ = 0, and hence 

P = 0, 

a conclusion already reached. 
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293. General case. — The wall was asBiimed vertical i° 
the preceding case. The general case would be where '^^^ 

back of the wall and the "■^"'P' 
^... • -' per surface of the emba.« ^^' 
ment were both inclined J^ 
the horizontal. Let B C (F* ig- 
91) be tlie back of the w»^^h 
C o, the upper surface of t-le 
embankment ; B S, the 1^ ^ 
of natural slope ; and <^ fit"* w 
13 represent the same an*^^ ^ 
FiQ. 91. as in preceding example. 

pressure on trie back of 
wall is pmduced by some prism as C B R. The horizocB^ 
thrust produced by this prism is equal to its weight multipL^i 
by the tan <f>, or 

F = w X area C B R X tan <^. 

Let it be required to find the maximum prism of pressi^ 
This will be a maximum when the product of the area C 
and the tan </> is a maximum. 

Draw through C and R perpendiculars to the line of nat 
slope B S. IJepresent the distance R L by », the distance 
by a, and the distance B S by b. 

The area C B R is equal to 

idb — ixb. 
Substituting in the expression for P, we get 

P =z w X ib(a — x) tan <f>. 
Represent the angle B S C by /8', and we can write 

F = w X ib{a — x)T -qt,. 

^ '6 — a?cotp 

This expression is in terms of a single variable x, Takin 
the factor r— — rr^> ^^^ differentiating, and placing thi 
numerator of the differential equal to zero, we get 

{b-x cot fi') (a - 2a?) - (aa; - a?) ( — cot/S') = 0, 
whence 

a^cot/3'-2&B= -a*.. . . (141) 

Tliis may be put under the form 

ab — bx = bx — a? cot 13' = x{b — fl5cot/9^, 
or 

ai — &B = d;xBL 



,e 
e 
al 
d 
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area CBS — area RBS = i(aj x BL) = area R B L, 
nd 

area R B L = area C B R, 



the thrust is a maximum when the area C B R is equal to 
^^:he area B R L. 

If C S is horizontal and B C is vertical, the triangle 

R B L is eoual to R B C only when the line B R bisect* the 

^ngle C B 5. This result is the same as that of the previous 



Substituting in the expi*e8sion for P, the area R B L for the 
sirea C B R, we get 

V = w X area R B L x tan ^. 

Substituting for this area and for the tan </», their values in 
^erms of », we get 

P = i^^)^^, (142) 

ztoT the maximum thrust. 

From equation (141) we find the value of x to be 

flj=Jtan/8'- VbtsAx^ip tan l:i - a). 

We may write this value of x under another form by draw- 
ing from B, the line BE perpendicular to B S ana. repre- 
senting it by c. We have o = b tan /3', and substituting, we 
get 

X = c — V c {c — a). 
Substituting this value of x in equation (142), we get 

P=lw{c—Vc{c-a))\ . . (143) 

for the horizontal thrust, produced by the maximum prism of 
pressure. 

Knowing the horizontal thrust, its moment around the 
edge. A, can be obtained. The moment of the wall around 
the same line is easilv found. 

Equating these moments, the value of i can be deduced, 
giving the requisite thickness for an equilibrium. 

294. These examples show the general method used to de- 
termine the thickness of retaining walls. 

The specific gravity of the materials forming an embank- 
ment ranges between 1.4 and 1.9, and that ox masonry be- 

tween 1.7 and 2.5. The ratio of the weights — . is therefore 

° w 

ordinai'ily between f and 1. For common earth and ordinary 
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masonry it is UBual for diBciiBfilon to assumo - 



I, and a = 



45". In practice it is recommended to measure the natnn " 
slope of the eartli to be used, and to weigh carefully a giveis^ 
portion of the masonry and of earth, the latter DeiDg"^^^ 
thoroughly moiBtened. 

In militai-y works, the upper surface of the emhankuent 
is eencrally above the top or the wall. The portion of the 
emuanknient above tlie level of tlie top is called me surohai^[e, 
and in fortifications rests partly on tno top of the wall. Wheu 
its height does not exceed that of the wall, the approximate 
thickness of the wall may be obtained by subetitating, the 
Bum of the heights of the wall and the surchargo, for H iu 
the expression for the Uiickness already obtained. 

The manner in which earth acts against a wall to overturn 
it eaimot be extictly dcteimincd, hence, the thrust not being 
exactly known, the results obtained are only approximations. 
Nevertheless, a calculation right within certain limits is better 
than a guess, and its use will prevent serious mistakes being 
made. 




./ 



Fio. 83. 

In our discussion the cobesii>n of tlie particleB of earth to 
each other and their frictinn on the back of the wall hare 
been disregai-ded. The results therefore give a ^«ater thick- 
nees than is necessary fur strict equilibrium, and hence em 
on the aide tif stability. 

295. Among Ihe many solutions of this problem, ihoMgivw 
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by M. .Poncelet, and published in No. 13 " Du Memorial de 
X'Officier du Q^nie,'' are the most complete and satisfactory. 
In this memoir he gives a table from which the proper 
thickness of a retaining wall supporting a surcharge of earth 
■niay be obtained. 

The principal parts of this table giving the thickness in 
erms of the height, for surcharges whose heights vary be- 
ween and twice the height of the wall, are as follows : 

Represent by (Fig. 92). 

H^ the height B C of the wall ; 

A, the mean height of C F of surcharge ; 

a, the angle CBS made by the vertical with line of natu- 
ral slope B S. 

j3, the angle of natural slope with the horizontal ; 

j^ the coefficient of friction = cotan a ; 

w, the distance from foot of surcharge E to D outer edge 
of wall ; 

2^, weight of unit of volume of earth ; 

vf^ weight of unit of volume of masonry. 

TABLE. 









BATIO OP UKIGHT TO THICKNESS, 


ft 
OBg 








When to = to' and 


an *« % mn 9 


to = t«^ 





/=0.6 


/=1.4 

^ = 61* 26' 


TO = * W 


/=0.6p = 81» 


/=1.4 
p = 41«26' 




tt=0 


u=\YL 


ti=0 


w=iH 


w-0 


w=iH 


tt=0 
0.350 


M=iH 


tt=0 


u=iH 





0.452 


0.452 


0.258 


0.258 


0.270 


0.270 


0.850 


0.198 


0.198 


0.1 


0.498 


0.507 


0.282 


0.290 


0.303 


0.306 


0.893 


0.393 


0.222 


0.229 


0.2 


0.548 


0.563 


0.309 


0.326 


0.336 


0.342 


0.439 


0.445 


0.249 


0.262 


0.4 


0.665 


0.670 


0.369 


0.394 


0.399 


0.405 


0.532 


0.522 


0.303 


0.299 


0.6 


0.778 


0.754 


0.436 


0.450 


0.477 


0.457 


0.617 


0.572 


0.360 


0.328 


0.8 


0.867 


0.820 


0.510 


0.501 


0.544 


0.504 


0.668 


0.610 


0.413 


0.857 


1 


0.080 


0.873 


0.571 


0.646 


0.605 


0.540 0.707 


0.686 


0.457 


0.884 


2 


1.107 


1.004 


0.812 


0.714 


0.795 


0.655 0.811 


0.705 


0.622 


0.475 
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The thickness obtained by usiiis this table are nearly 
double that of strict equilibrium. This factor of safety mz^t 



excess of stability is that used by Vauban in his retaininM ^ 
walls which have stood the test of more than a century wI'ClS 
safety. 

The formula, 

h = 0.846 (H 4- h) i/^ X tan (45° - t\ . (144) 

will give very nearly the same values as those given in tfca o 
table. 



BETAiNiNO WALLS, facs BJid baok not paralleL 

296. The usual form of cross-section of a retaining wall is 
trapezoidal. 

To transform a wall of rectangular cross-section, whoso 
dimensions have been deduced from the rules already giveti, 
into one of equal stability having a batter on its race, th« 
back being vertical, we may use the following formula or M- 
Poncelet. 

Let b' (Fig. 93) be the base A B of the wall with trapezoidal 
cross-section, 
J, the thickness B d oi wall of rectangular cross-section ^^ 
termined by the rule; 

n, the quotient ^-^ ; 

H, the height B C of the wall. 
B F equal to -^ of the height H. 




Fio. 08. 
The formula is as follows : 



. (145) 
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he thickness of the equivalent trapezoidal wall at 
3qual to the thickness of the rectangular wall in- 
3ne-tenth of the product obtained by multiplying 
)f the wall by the quotient resulting from dividhig 
the slope by its perpendicular. This rule gives 
!8S to within Yhf ^^ ^^^ *'^"® distance. If the 
F be taken at one-tenth of the height, the error 
le very slight. 

nterforts. — Counterforts are considered to give 
strength to the wall by dividing it into shorter 
se short lengths being less liable than longer ones 
bulging out or sliding along the horizontal courses ; 
ure being received on the back of the counterfort 
on the corresponding portion of the wall, thus 
the stability of the wail against overturning at 
; and by the filling being confined between the 
countei-forts, the particles of the tilling, especially 
andy material when confined laterally, becoming 
thus relieving the back of the wall. 
3rt8 are, however, of doubtful efliciency, as they 
! stability of the wall but slightly against I'Otation, 
ill against sliding. They certainly should not be 
cherous foundations on account of the danger of 
tling. 

lent of stability of a wall with counterforts may 
ith suflScient accuracy for all practical purposes 
x>gether the moments of stability of one or the 
en two counterforts, and one of the parts aug- 
1 counterfort, and dividing this sum by the total 
le two parts. 

•rizontal section may be either rectangular or 
The rectangular form gives greater stability 
ition, and cogts less in construction; the trape- 
gives a connection between the wall and coun- 
ider and therefore firmer than the rectangu^ 
t of some consideration where, from the char- 
5 materials, the strength of this connection must 
md upon the strength of the mortar used for the 

nterforts have, been used by military engineers 
the retaining walls of fortifications. In regu- 
• form and dimensions, the practice of Vauban 
Bnerally followed ; this is to make the horizontal 
he counterfort trapezoidal, to make the length, ef^ 
terfort (Fig. 94) equal to two-tenths of the height 
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of the wall added to two feet^ the front, a>, one-tenth of the 
height added to two feet^ and the back, cd^ equal to two- 
thirds of the front, ab. 




Fio. 04 — B^presents a section A and plan D of a 
wall, an^ an elevation B and plan E of a trape- 
zoidal counterfort. 



RESERVOIR WALLS AND DAMS. 

209. These are retaining walls which are used to resist the 
pressure of a vohime of water instead of earth, and they do not 
diflFer niathematically from the walls already discussed. Their 
dimensions are therefore obtained in the same way. 

Their cross-section is generally trapezoidal. 

Let A B C D (Fig 95) represent the cross-section of a reser- 
voir whU, with a vertical water face B C, and let the upper 
surface of the water be at E F. 

Represent by 

A, the depth' E B r)f the water; 

A', the height B C of the wall ; 

J, b\ the upper and lower bases A B and D C ; 

w^ the weight of unit of volume of water ; 

w\ the weight of unit of volume of masonry. 

Lay off B H ecpial to one-third of B E, and draw the hori- 
zontal U. Tiiis gives the direction and point of application 
of the thrust on the wall produced by the pressure of the 
water. Its intensity is equal to ^wh^. The weight of the wall 
jicts through the centre of gravity G, and is equal to ^'h' 
yh -f b'). The moments around the edge at A can be deter- 
nn'ned and the values for b and b' found. 
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Tlie resultant R of these pressures intersects the base A B 
between A and B. Stability requires that this should be so. 




Pig. 95. 

If the resistance to a crushing force were infinitely great in 
the blocks forming the wall, it would make no difference 
how near the resultant came to the edge A. But as such is 
not the case, it should not come so near the edge as to pro- 
duce a pressure along the latter suflScieutly intense to injure 
the material. 

The nearer the intersection is to the middle point of the 
base, the more nearly will the pressure on the foundation of 
the wall be uniformly distributed over it. 

It is evident, from the figure, that the batter given to the 
face A D contributes greatly to the uniform distribution of the 
pressure. And it is easily seen that if the outer face had 
been made vertical, the resultant would have intersected the 
base much nearer to the edge A, producing a far greater pres- 
sure in that vicinity than in the former case. 




FiQ. 90. 



300. Eeservoir walls are usually constructed with both their 
faces sloped Having found the thickness of the wall, as. 
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above, the profile is easily transformed. For example, let 
A B C D (Fig. 96) be a cross-section of a wall in which b and 
f/ have been determined by previous rule. Let M N be the 
thickness at the middle point of the inner vertical face It is 
evident that if the thickness at top be diminished by O C, and 
that at the base be increased by the equal quantity B P, that 
the weight of the wall will remain the same, with an increase 
of stability. 

STRUOTURBS OF THE FOURTH OI«A8S. 

301. Structures belonging to this class sustain a transyerse 
strain. Since stone resists poorly a crossnatrain, great caution 
must be used in proportioning the different pai*ts of these 
structures. The rules for determining the strength of beams 
subjected to transverse strains can be applied. 



STRUOTURXIS OF THB FIFTH OZ.A8& 

302. Arches are the principal structures belonging to this 
claHS. They are used to tmnsmit the pressure they directly 
re<jeive to lateral points of support. 

Arches are generally made symmetrical, hence the condi- 
tions of stability deduced for either half are equally applica- 
ble to the other. 

303. Modes of yielding.— Arches may yield either by 
sliding along one of their joints, or by turning around an edge 
of a joint. 




Fig. 97. 



Suppose tlie arch to be divided into equal halves by its 
plane of symmetry, and let the right portion be removed 
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. 9T). We may suppose the equilibrium preserved by 

titutmg a horizontal rorce H for the half arch removed. 

the semi-arch were one single piece, the intensity of this 

s«, H, could be easily determined, for the conditions of 

ilibrium would require the moment of the weight of the 

i-arch around the springing line at A to he just equal to 

moment of H about the same line. 

e semi-arch not being a single piece, but composed of 

^Tal, mav separate at any of the joints, and therefore the 

^ <5ulty of determining the values of H is increased. 



tbfc 
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'<3;2n>iTioK8 OF STABILITY to prevciit sliding at the Joints. 

04. Tlie resistance to sliding arises from the friction of 
joints and from their adherence to the mortar. 

rches laid in hydraulic mortar, or thin arches in common 
•tar, may derive an increase of stability from the adhesion 

le mortar to the joints, but in our calculations we should 
x-^^ard this increase, and depend for stability upon the 

tance due to friction alone. 

ifi found that friction, when the pressure is constant, is 



S/ / 




Fig. 98. 



independent of the area of the surfaces in contact, and de- 
pends solely upon the nature and condition of the surfaces. 

Let F be the resistance to sliding, produced by friction at 
any joint I K (Fig. 98). The external forces acting on this 
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joint are the horizontal force H, and the weight of the mass 
K B C I. Denote bv E the resultant of these forces, and con- 
struct it. This resultant pierces the plane of the joint I K at 
some point as M, and M N will be the nonnal component* 
Represent by P this normal component, and by S the com- 
ponent parallel to the joint. We have 

F=/.P, 

in which y is the coefficient of friction determined by experi- 
ment. 

In order that sliding along this joint shall not take place, 
we must have 

S < F, or S < y. P, whence 
S . 

g 
But -p is equal to the tangent of the angle which the result- 
ant R makes with the normal to the joint. Hence we con- 
clude that when the angle made by the resultant of the pres- 
sures with the normal to the surface of the. joint is less than 
the angle of fViotion of the blocks on each other, that there 
will be no sliding. 



CONDITIONS OF STABILITY to provent rupture by rotation. 

305. Take any joint, as I K (Fig. 98). The arch may give 
way by opening at the back and turning around the lower 
edge at K, or by opening on the soffit and turning around the 
edge at I. 

Let us suppose the first case, or that the arch opens at the 
back. Denote by x the lever arm of the weight W df the 
mass K B C I, and by y the lever arm of the force H, both x 
and y being taken with respect to the edge K. 

For stability we must have 

n X y - Waj > 0. 

Suppose the second case, or that the arch opens at K, and 
denote by u and v the lever arms of W and Bt with respect 
to I. We must have for stability 

Wxw — Hxv>0. 
if we find the joints for which TV — is a maximum and 
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W — is a miBiraura, then for stability against turning around 

any of the edges of the arch we have the condition that the 
thr^ust H must he greater than this maximum and less than 

this ininim,um. or, the maximum value of W— must be less 

y 

than the minimum value of W—, and the value of H must lie 
between the two. 



Joints of Rupture. 

306. From observations made on the manner in which large 
arches have settled, and from experiments made in rupturing 
small ones, it appears that the ordinary mode of fracture is 
for the arch to separate into four pieces, presenting five joints 
of rupture. 

Cylindrical arches in which the rise is less than half the 
span, and the full centre arch, yield by the crown settling and 
the sides spreading out. The vertical joint at the crown 




Fig* 09. 

opens on the soffit, the reins open on the back, and if there 
be no pier, the joints at the springing line open on the soflSt 
(Fig. 99). 

The two lower segments revolve outwardly on the exterior 
edge of the -joints, leaving room for the upper segments to 
revolve towards each other on the interior edges of the joints 
at the reins. 

This is almost the only mode of yielding for the common 
cylindrical arch. If the thickness be very great compared 
with the span, the rupture will take place by sliding. As a 
rule, this mode of rupture never does take place for the reason 
that the arch will rupture by rotation around a joint before 
it will yield by sliding. 



228 OIVIL BNOINEBRINO. 

Very light segmental arches, full -centre arches which are 
slightly loaded at the crown and overloaded at the reins, and 
pointed arclies, are h'able to rupture, as shown in Fig. 100. 

In this case the crown rises and the sides fall in ; the open- 




Pig. 100. 

ing of the joints and the nipture occur in a manner exactly 
the reverse of that just described. This mode of rupture is 
still more uncommon than that by sliding; for all these 
reasons, the condition ^ 

H X y — Wa; > 

is in general the one applied to test the stability of the arch. 

Cylindrioal Aroh. 

307. Let it be required to find the oonditions of equili- 
brium for a flill centre aroh. 

The strains in the arch are produced by tlie weight of the 
arch stones, the load placed upon the arch and the reactions 
at the springing lines. 

The object or this discussion is to show how these external 
forces may be determined and how to arrange the joints and 
fix the dimensions of the voussoirs so as to resist successfully 
the action of these forces. 

The joints are the weak places, since the separation of the 
j)arts at these points is not resisted by the material of which 
die arch is made. . 

As before stated, the arch may yield by sliding along one 
of the joints or by turning around an edge. The first mode 
of yielding may be prevented by giving the plane of the joint 
such a position, that its normal shall make with the resultant 
pressure an angle less than the angle of friction of the ma> 
terial of which the youssoira are made. 
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This is usually effected by making the coursing joints nor- 
mal to the ring courses and to the soffit of the arch. 

Since there is little danger of the arch rupturing by the 
crown rising and the sides falling in, we make use of the 
formula 

H X y-Wx > 0. 

The additional condition is imposed that the whole area of 
the joint must be subjected to compression. It therefore 
follows that the resultant of the external forces must pierce 
the joint within its middle third. 

Smce the form of the arch is known, the direction of the 
coursing joints chosen, and the limits of the resultant deter- 
mined, it will only be necessary to find where the resultant 
pierces each joint and see if the angle it makes with the nor- 
mal is less than the angle of friction, and that the resultant 
pierces the plane of the joint within the required limits. 

Cylindrical Aroh, Unleaded. 

308. For simplicity, let us consider the arch to be a ftiU 
centre, the extrados and intrados being parallel and the 
arch not loaded. 




Fig. 101. 

Let I K (Fig. 101) be a joint of the arch whose thicknesfl 
in the direction of the length of the arch is unity. 
Bepresent by 

R, the radius of the extrados ; 
r, the radius of the intrados ; 

^. the angle made by the joint I K with the vertical ; 
W and H, same as in previous case ; 
g^ the centre of gravity of the ring K B C I ; 
tr, the weight of a unit of volume of masonry 
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The most unfavourable case will be that, when, at or just 
immediately before the time of rupture, the point of appli- 
cation of the horizontal thrust is at C, the highest point of 
the extrados ; the condition of equilibrium is 

W- = H. 

y 

If we find the values of x and y in known terms, and sub- 
stitute them in the expression for the horizontal thrust, the 
latter will be known. 

To find these values of x and y, denote by u the distance 
of the centre of gravity g from 0, and by Ui and u^ the dis- 
tances of the centres or gravity of the sectors IOC and K B 
from the same point. We have 

Ux X sector I C = t^ x sector K B -f t^ x ring K B C I. 

The areas of the sectors are iR^<A and i/^<^, hence the area 
of K B C I is equal to \^ (R^-/^). 

We find (Anal. Mech., par. 121, p. 96) the values of i^ and 

,^ to be * Riii^i^ and i t «JiLi*. 
3 arc<^ 3 arc0 

Substituting for the areas, and for u<^ and u^ their values 

as above, and solving with respect to u^ we have 

4R3-r^ sini0 

w^ • -— • 

3 E^ - 7-2 arc </> 

Now X is equal to K M — M^' = r sin <^ — 0^ sin J^, whenc© 

4R8-r» sinH* 
X "=■ T Sin ^ — . — 

3 E.^ — 7^ arc <^ 

■ 

.. 2R»-/^l-cos^ 
= r sm <^ — ^ — . . ^ 

3 R^ — 7^ aic <^ 
and y = R — r cos 0. 

T> 

Hence, by writing k for , we have 

H = W^ = r^ 2^7 jsin ^ (P-1) arc ^-^(^-1) (l-cos » J 
y A;— cos ^ 

. . (146) 

an expression for the horizontal thrust, in terms of E, r, w^ 
and <^, which force applied to the arch at C will prevent th^ 
rotation of the volume K C B I ai-ound the edge K. 
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This expression might be differentiated with respect to 0, 
and that value for <^ obtained, which would make xl a maxi- 
mum. This maximum value thus found, if applied to -the 
arch at C, would prevent its rotation around any edge on the 
soffit. 

309. Instead of differentiating as suggested, it is usual in 
practice to take the above expression £r H, calculate tlie 
values for every ten degrees, and select for use the greatest 
of these values. This greatest value thus obtained will differ 
but slightly from the true maximum. 

If we assume k = 1.2, r = 10 feet, R = 12 feet, and w = 
150 pounds, and find the values of H for the different values 
of <^ for every ten degress from 10° to 90° ; we may tabu- 
late them as lollows : 



Valuet of ^. 



Values of H in pounds. 



10* 


208 


20* 


670 


80* 


1,127 


40* 


1,450 


60* 


1,625 


00* 


1,675 


70* 


1,662 


80* 


1,490 


90* 


1,285 



A calculation for « = 57° gives H = 1,672, 63* gives 1,670, 
and 65° gives 1,661 pounds. 

The angle requiring the maximum thrust is very nearly 60°. 

310. The foregoing applies only to an unloaded full centre 
arch, its extrados and intrados being parallel. All arches 
carry loads which frequently rise above the arch to a surface 
either horizontal or nearly so. It is evident that if verticals 
be erected at the joints, and be produced until they meet the 
upper surface or the load, that they will define and limit 
the load resting on each voussoir. An analogous process to 
that just given will enable the student to determine the hori- 
zontal thrust in tte arch thus loaded. 
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Prof. Kankine ffives the following rule to find the appi 
mate horizontal thrust in a full centi*e arch loaded as ^o 

in the figure. (Fig. 102.) 





Fig. 102. 

Tlie harlzontal thrust is nearly equal to the weight 
ported hetxoeen the crown and that part of the soffit whc^' 
inclination is 45°. 

The approximate thrust obtained by this rule seldom _ 
from the true horizontal thrust by so much as one-twenti^ 
part. 

Represent by (Fig. 102), 

K, the radius D of the extrados ; 

r, tlie radius C of the intrados ; 

(?, the distance D E, F E being horizontal ; 

w. the wei^icht of a cubic foot of masonrv : ^ ^ 

w\ the weight of a cubic foot of the load resting on 
arch ; 

II, the horizontal thrust required. 

Draw K making an angle of 45° with the vertical ; th^ 



the horizontal thrust of the arch on the pier at A is stated ^^^ 
be nearly equal to tlie weight of the mass C K I F E, whic^^ 
lies between the joint I K and the vertical plane through C^ ^ 
hence, 

H = -M?' R (.0644 R + .7071 c) -f .3927 w (R»-r*). (147) 

for the value of the horizontal thrust. 

The edge I is at the level to which it is advisable to builci . 
the backing solid, or at least to give the blocks a bond whiob 
will render the mass effective in transmitting the horixontfll 
thrust. 
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111 the case of a eeffinental arch, Eankine takes the weight 
of half the arch with its load, aud . multiplies it by the co- 
tangent of the inclination of the intrados, at the springing 
line, to the horizon ; the result is the approximate value oi H. 

311. Having determined the value for H for the given 
arch, combine it with the external forces acting on the first 
voussoir at the crown and construct their resultant. The 
point in which this resultant pierces the joint will be the 
centre of pressure for that joint. Do the same for the other 
joints and the intensity of the resultant and the centre of 
pressure for each joint are known. 

The line which is the locus of the centres of pressure for 
each joint is the polygon or line of resistance. Having this 
line determined, the centre of pressure for any joint or section 
is known, but not the direction of the resultant. If a curve 
he drawn tangent to the resultants, this line is called the 
" curve of pressure." 

It is evident, in order to have the conditions of stability 
fulfilled, that. 

The line of resistance must pierce the joint within fixed 
limits ; and 

The line of pressure must be so situated that a tangent 
dra\vn to this line, through the centre of pressure of the 
joint, must make an angle with the normal to the joint, less 
than the angle of friction. 

312. Equation of the curve of pressiire. — The loads 
placed on an arch are usually symmetrically disposed with 
respect to a vertical plane parallel to the head or the arch. 
The resultant will lie in this plane. 

Take the origin of co-ordinates at (Fig. 103), in which 
A B represents the curve of pressure of an arch loaded as 
stated. Equations (688) of Anal. Mechanics will apply to and 
become for this case, 

H-C — = 0y 

da . /iAft\ 

ds 




in which H is the horizontal thrust at ; W, the algebraic 
sum of the vertical forces acting on the arch ; C, the strain 
of compression on any section, as at D ; and «, the length of 
any portion of the curve, as D. 
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The first of equations (148) shows that the horizontal cotft- 
ponent of the force of compression at any joint is equal ^ 
the horizontal thrust at the crown, or is the same at evo^l 
section of the arch. 

The second of these equations shows that the vertical co*^" 
ponent of the force acting at any joint is equal to the lo^^ 
between the vertical plane through the crown and the 8eeti^C)U 
considered. 

313. Suppose an arch loaded ^ 

shown in figure (104) ; the raaterSSal 

being homogeneous and the weig ^ht 

of a unit of volume being representM^ied 
by w. Represent F by a. 
Fig. 104. The weight of the volume resti^^ng 

on the arch between the vertical section at D and the consec^^Q. 
tive section is 

{adx -f ydx)w. 

Taking this between the limits, and a, we get 




iax -f / . ydx )m>, 



for the load resting on D. Substituting this in the aeco^md 
of equations (148) for W, we get 



w 



(ooj xjT'*' y(fo)-C^ = 0. . (149) 



Combining this equation with the first of equations (148), '^^ 
have 

whence, by differentiating, we get 

g=g (» + ,). . . (1.0, 

Integrating this differential equation twice, we get "^ 
equation of the curve, and find it to be a transcendental H ^^ 

314. If the load had been placed on the arch so as to b^^ * 
function of the first power or the abscissa, that is, if the \c^^ 
between the origin and any section whose abscissa is Xy y^'^ 
wx, then equations (148) would have taken the form . 



H-C$= 0, 

(18 

da 



(161) 
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"Whence, bj combination, 



'^y = =& xdx, 



<i by integration, 



H 



y^m"^- 



= 0. 



(152) 



This is the equation of a parabola. 

S15. Polar equation of the curve of pressiire. — Gene- 

L Woodbury deduces the equation of the curve as follows : 

Hepresent by, (Fig. 105) 

Ejthe horizontal thrust at m ; mnp, 

a curve of pressure ; /, the dis- 

rice, Only from pole to the point of ^ 

plication, 7n, of the horizontal 

K"ii8t; bj the horizontal distance 

tween the centre of gravity of the 

5'inent E F I K C and the vertical 

f^oiigh C ; A, the area of this seg- 

— Tit; V, the variable angle nOm, Fio. 106. 

^ r, the variable distance On. 

J'or equilibrium, we have 

H (r' — r cos v) = A (r sin v — J), 
I)eing considered equal to unity. 




"WTience 



r = 



Hr' + Ab 



A sin «; -I- H cos v 



(153) 



Assuming any joint, the corresponding values of A and b 
^T this joint are easily calculated. These being substituted, 
id H and v being known, the corresponding value of r is 
educed. The curve may then be constructed by points. 

316. A simple inspection of the curve of pressure will 
low where the weak points of the arch are, where the 
saviest strains are exerted, and where the joints tend to 
E>en, whether on the soffit or on the back. 

The intrados ought to be parallel to this curve, but in most 
sises the intrad(iS is assumed fii^st and the conditions of equi- 
brium are established afterwards. 

It will be observed that a very heavy load on the arch more 
early agrees with the condition of the load being a simple 
irect function of the abscissa, and hence the curve of press- 
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ui-e for this ease approacheB iu form to that of a parabola. ^ 
wo KupiK>5>e no load ou the arch, and neglect the weight ^\ 
the vuussoirs, the curve of equilibrium is that of a reve 
cutenai'v. 

Kei>noiiiv of material would indicate that the intrados ai 
extmdo8 should be similar curves. 

317. Depth of keystone. — The form of the arch beiir -^^ 
aH8Uiuod, the next step is to fix its thickness or depth. Tt:^ "® 
|H>\vtT of the arch to resist the horizontal thrust at the crovT"''^^]^ 
will do|)ond uix)n the strength of the material of which it i^ ^ 
made and u}H)n the vertical thickness (depth) of the key. , 

Tlie pressure at the extrados of the kev, which in geneni-#=^^ 
if* tho nu)st exposed part of the joint, snould not exceed ■jl^^':^^ 
iho uUinuite strength of the material. Admitting that th^ ^^l 
coutiv of pressure on this joint may be at one-third of tb 
length of the joint from the extrados, we see that in orde 
u> keep within this limit of ^, the mean pressure should no 
exciH^d A. 

The celebrated Perronnet gave a rule for determining the 
thickness or depth of the key, which is very nearly expressed 
by tho following fonnula: 

d=-^ + 0.33 (164) 

</, tho depth in metres; and 

/', tlu» radius of the semicircle, or intrados, in same unit 

(Jon. Woodbury expressed this rule as follows: 

d = 13 inches + ^ the span. 

lA»r art'lu^s with radius exceeding 15 metres, this rule gives 
tm» grout a thickness. ' . 
I'r*)f. Itankine gives 

d= V.T2a7 

in which r is the radius of curvature at the crown in feet 
llitt riilo is, " For the depth of the keystone, take a mean pro- 
|Ki)'li(ihul hot ween the radius of curvature of the intrados at 
\\\\\ iM'own and a constant whose value for a single arch is .12 

U»ol." 

Ilo rooommends, however, in actual practice, to take 8 
\Wi^\\\ ti»undod on dimensions of good examples already built 

!us. Thlokness of piers and abutments. — The stability 
\A lIu^M* may be considered by regarding them either as con- 
(luuiOiohti of the arch itself clear to the foundation, or as walls 
\\b\^« uiiMiiont about the axis of rotation is gi*eater than the 
h«s«uiout i»f the thrust of the arch. 



THIGKNEftS OF ABUTMBNTB. 



3'37 



In either case, the stndent will be able, by applying the 
principles already discussed, to determine the dimensions 
necessary to give the pier, in order that its moment aroand 
any edge shall exceed the moment of the thrust around the 
same axis. 

The factor of safety is taken at about 2* In piers of great 
height this factor should be increased, while for small heights 
U may be reduced. 

319. Thiokness of abutment and depth of keystone 
for small arches. 

The following empirical table is deduced from actnal ex- 
amples, and may be used for small arches if made of first- 
class masonry : 

TABLE. 



8p«n In 


Thickness of Abutment— for heights of 


Depth of kej'- 


tmtA. 


10 feet. 


16 feet. 


so feet. 


SSfeet. 


stone in inches. 


10 


5 


6 


7 


8 


14 


20 


6 


7 


8 


9 


19 


^ 


H 


n 


8* 


W 


20 


^ 


7 


8 


9 


10 


21 


95 


7i 


8i 


9i 


10* 


22 


40 


8 


9 


10 


11 


23 


45 


8i 


9i 


10* 


m 


24 


50 


9 


10 


11 


12 


25 



K the masonry be second-class, or be roughly dressed, the 
d^epth of the keystone should be increased about one-fourth. 



Form of Cylindrical Arches. 

320. As stated before, these arches may be flill oentrOi 

fnental, elliptical, or oval. 
uU centre arches offer the advantages of simplicity of 
form, great strength, and small lateral thrust. But where the 
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. ^ Btreited Arohes. 

, qfftfding cases has been supposed to 

, «"iier nght or oblique, Ifampant 

^,; jiometimcs the axis is even vei-ti- 

...•j. a ^tui-uirciilar horizontal section 

.■lirhes are ofti'ii constructed with 

_ Hiijwr side. These are frequently 

■nfir i^jcfit being to distribute the 

T iubstnicture or along the fouiida- 

., B, irn-erted arches, or Inverts. The 

^ .i.*n for the upriglit arch apply 



^B^en Arohes. 



arob, is quite often applied to a 

^j]x', its ends being confined so tlmt 
■I- ::si>riginnl form. In this shape tlie 
, ),eid ^reiiter t-tiffiicss than when it ia 

,- V wod for narrow spnns, but built 
irvii. must be used for wide <nics. 




■wirtf^'** rwts upon the top of the beams, as 
'i-Vi.^ ii ««8penaed from them, as eliown in 
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Although called arches, they are so only in form, as they 
are not compoaed of separate piecea held in place by mutnal 
pressure. They are now more generally called "by their 
proper name, curved beamB. 

IJF we assume that the beam rcBiste by compression alone, 
the dimensions of the beam can be easily determined, in terms 
of the load, of the rise, and tlie span. 




aRAFHIOAI. MirraOD OF INVESnOATKUT. 

323, The graphical method by means of the curve of equi- , 
librium is a metJiod much nsed at tlie present time for obtain- 
ing the strains on the different parts or the arch. 

This method of investigation will be alluded to in a future 
article. 



CHAPTER X. 

COHSTECCTION OF MASONRY. 

WAI.I.S OP RTRUCTURES. 

Stone-masons class the methods of huildhig walls of stone 
into rubble work and ashlar work. 



I. Rubble Work. 

824. The stones naed are of different sizes and shapes, pre- 
pared by Itnocking off all sharp, weak angles of the blocks with 
a hammer. They are laid in the wall either dry or in mortar. 
If laid without reference to their heights, the masonry is 
known aa unooursed rubble, or common rubble masonry. 
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At the comers, Btones of large size, and more aeurately 
dressed, are used. These are known as quoins, and are laid 
yitti care, serving as gauges by which the height of the course 
JB regulated. 



n. Ashlar Work. 

S26. The stones in this kind of masonry are prepared by 
jj^^ng their beds and joints accurately squared and dressed. 
T*l>ey are made of various sizes depending on the kind of 
"^^^ll to be built and the size of the blocks produced by the 
^ly^arry. Ordinarily they are about one foot thick, two or 
^t^J^ feet long, and have a width from once to twice the 
^-^ sickness. They are used generally for the facing of a 
11, to give the front a regniar and uniform appearance, and 
lere, by the regularity of the masses, a certain architectural 
ect is to be produced. 

Ashlar work receives different names, from the appearance 

the face of the "ashlar," and from the kind of tool used in 

J^essing it. If the block be smooth on its face, it is called 

^ ana ashlar (Fig. 109) ; if fluted vertically, tooled ashlar ; 



FlO. 109 — Represents a waU with faoing of plane ashlar. 



if roughly trimmed, leaving portions to project beyond the 
^ges, rustic ashlar, etc., etc. Kustic ashlar is known as 
tiistic, rustic chamfered, rustic work frosted, rustic work 
vc^miculated, etc. 

Ashlars are laid in fine mortar or cement. Each one should 
he first fitted in its place dry, so that any inaccuracy in the 
dressing may be discovered and corrected before the stone is 
finally set in mortar. 

To provide for a uniform bearing the stone should be ac- 
curately squared. Frequently the bed is made to slant down* 
16 
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hence the terms cut-stone and ashlar masonry are often 
nsed one for the other. 

Cnt-Ptone masonr}', when carefully constructed, is more 
solid and stronger than any other class. The lahor required 
in preparing the blocks makes it the most expensive. It is, 
therefore, restricted in its use to those structures where 
great strength is indispensable. 



Stone-outting. 

329. The usual method of dressing a surface is to cut 
draughts around and across the stone with a chisel, and then 
work down the intennediate portions between the draughts by 
the use of proper tools. The latter are usually the chisel, axe, 
and hammer. 

No particular difficulty occurs in working a blrxjk of stone, 
the faces, beds, and joints of which are to be plane or even 
cylindrical surfaces; the only difference in method for the 
two being that a curved nile is used in one direction and a 
straight one in another for the cylindrical surface, while for 
the plane surface only one rule is used. 

Ir the surfaces are to be conical, spherical, or warped, the 
operation is more difficult. It becomes necessary to bring the 
block to a series of plane or cylindrical surfaces, and then 
reduce them to the required form. To show how this can be 
done with the least waste of material is one of the objects of 
" stereotomy ." 

Strength of Masonry. 

Strength. — The strength of masonry will depend on the 
size of the blocks, on the accuracy of the dressing^ -and on 
the hond, 

330. Size of stone. — The size of the blocks varies with the 
kind of stone and the nature of the quarry. 

Some stones are of a strength so great as to admit of their 
being used in blocks of any size, while others can only be used 
with safety when the length, breadth, and thickness of the 
block bear certain relations to each other. 

The rule usually followed by builders, with ordinary stone, 
is to make the breadth at least equal to the thickness, and 
seldom greater than twice this dimension, and to limit tlie 
length to within three times the thickness. When the breadth 
or the length is considerable in comparison with the thick- 
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ness, there is danger that the block maj bi*eak, if any nneqnal 
settling or unequal pressure should take place. As to the ab- 
tfolnte dimensions, the thickness is generally not less than one 
ftiot, nor greater than two; stones of this thickness, with the 
relative diraensions just laid down, will weigh from 1,000 to 
8,000 [KMinds, allowing, on an average, 160 pounds to the 
cubic toot. With these dimensions, therefore, the weight of 
each block will require a very considerable power, both of 
machinery and men, to set it on its bed. 

From some quarries the formation of the stone will allow 
only blocks of medium or small size to be furnished, while 
from others stone of almost any dimensions can be obtained. 

331. Aoouraoy of dressing. — The closeness Mrith which 
the blocks fit is solely dependent on the accuraCT with which 
the surfaces in contact are wrought or dressed ; if this part of 
the work is done in a slovenly manner, the mass will not only 
open at the joints with an inequality in the settling, but, from 
the courses not fitting acurately on their beds, the blocks will 
be liable to crack from the unequal pressure on the different 
points of the block. 

To comply with the first of the general principles to be 
observed in the construction of masonry, we snould nave, in a 
wall supporting a vertical pressure, the surfaces of one set of 
joints, the beds, horizontal. This arrangement will prevent 
any tendency of the stones to slip or slide under the action of 
the weight they support. 

The surfaces of the other set should be perpendicular to 
the beds, and at the same time perpendicular to the face, or to 
the back of the wall, according to the p>siti()n of the stones in 
the mass ; two essential points will thus be attained ; the angles 
of the blocks at the top and bottom of the course, and at the 
face or back, will be right angles, and the block will therefore 
be as strong as the nature of the stone will admit. 

The greater the accuracy of the dressing, the more readily 
can these surfaces be made to fulfil these conditions. 

"When a block of cut stone is to be laid, the tiret point to be 
attended to is to examine the dressing, by placing the block 
on its bed, and seeing that the face is in its proper plane, and 
that the joints are satisfactory. If it be found that the fit is 
not accurate, the inaccuracies are marked, and the requisite 
changes made. 

332. Bond. — Among the various methods used, the one 
known as headers and stretchers is the most simple, and 
offers, in most cases, all requisite solidity; in this metnod the 
vertical joints of the blocks of each course alternate with the 
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Vertical joints of the courses above and below it, or break 
Joints with them, and the blocks of each course are laid alter- 
nately with their greatest and least dimensions to the face of 
the wall ; those which present the longest dimension along tlie 
face are termed stretchers, the others headers. (Fig. 111.) 




Fig. Ill — BepresentB an elevatloii 
A, vertical section B, and horixontol 
Boction C, of a waU arranged aa 
headers and stretoheia. 

a, stretohers. 

6, headers. 



By arranging the blocks in this manner the facing and 
backing of each course are well connected ; and, if any une- 
cjual settling takes place, the vertical joints cannot open, as 
A^'ould be the case were tliey continuous from the top to the 
bottom of the mass, for each blo<?k of one course confines tlie 
^nds of the two blocks on wliich it rests in the course beneath. 






Fio. 112 — ^Bepreaents an elevation A, and perspective views C and D, of 
two of the blocks of a waU in which the blocks are fitted with indents, 
and connected with bolts and cramps of metal. 
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333. In masonry exposed to violent shockB, the blocks of 
each course require to be not only very firmly united with 
each other, but also with the eourses above and below them. 
To effect this vai-ious meanH have been iised. Sometimes the 
stones of difFci-ent courses are connected by tabling, which 
consists in having the l>eds of one course arranged with pro- 
jections (Fig. Hi) which fit in corresponding indentations 
^ of the next course. Iron cramps in the form of the letter S, 
set with melted lead, are often used to confine two blocks to- 
gether. IIoIgs are, in some cases, drilled through several 
courses, and the blocks of these courses are couuected by 
strong iron bolts fitted to the holes. 

Light-houses, in exposed positions, are peculiarly liable to 
violent shocks fi-om the waves. They are ordinarily, when 
(hiis exposed, built of masoiirv, are i-oiind iu cross-section, and 
solid up to the level of tlie highest tide. The stones are often- 
times dove-tailed and dowelled into each other, as well as 
fastened together by metal bolts and cramps. 

The manner of dovetailing the stones is shown in plan in 
Fig. 113, which represents part of a course where this method 
is used. 




The chief use of the dove-tailing is to resist the tendency of 
the stones to jump out immediately after receiving the blow 
of the wave. Phis method was fii-st used by Scneaton in build- 
ing the Eddystone light-house. The light-house on Minot'a 
Ledge, Massachusetts liay, built under the suiierintendenee 
of General B. S. Alexander, U. S. Corps of Engineers, by 
the Lighi-IIouse Rwrd, is a gix>d example of the bond and 
inetal fasteDings used in such structures. (Figs. 114 and 
115.) 
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Machinery used in Constructing Walls of Stone. 

334. ScafS)lding. — In building a wall, after having raised 
it as high as it can be conveniently done from the ground, 
arrangements must be made to raise the workmen higher, so 
that tTiey can con tin ne the work. This is effected by means 
of a tempoi-ary structure called scafblding. 

If the wall is not used to afford a support for the scaffold- 
ing, two rows of poles are planted firmly in the ground, par- 
allel to the wall, and about four and a half feet apart. These 
uprights in each row are from twelve to fourteen feet apart, 
and from thirty to forty and even fifty feet in height, depend- 
ing upon how high the wall is to be built. 

Horizontal pieces are then firmly fastened to the uprights, 
having their upper surfaces nearly on the same level as the 
highest course of masonry laid. Cross pieces or joists are 
laid on these, and upon them a flooring of boards. Upon 
this platform the masons place their tools and materials and 
contmue the work. 

As the wall rises other horizontal pieces are used, and the 
joists and boards carried to the new level. Diagonal pieces 
are used between the I'ows to brace them togeuior, and in 
each row to stiffen the supports. 

The workmen ascend the scaffolding by means of ladders. 
The materials are hoisted by means ot machinery placed on 
the scaffolding or detached from it. 

335. Crane. — The movable or travelling crane, which is 
so arranged as to admit of being moved m the direction of 
the scaffolding and across it, is often used on the scaffolding 
for hoisting the stone. 

Shears, which consist of two or more spars or stout pieces 
of timber, fastened together near the top, and fm'nished witli 
blocks and tackles, are sometimes used. 

The kind of machinery to be used in hoisting the stone 
will be determined bv the size of the blocks to be lifted, the 
magnitude and character of the work, and the suitability of 
the site. 

In the United States, the machine known as the " boom 
derrick," or simply " derrick," a modified form of crane, is 
much used in works of magnitude. 

In the example shown m Fig. 116, the mast is held in a 
vertical position by four guys, generally wire ropes, fastened 
to a ring on the iron cap which is fitted to the top of the 



HOIBTINO HACHINSKT. 



249 



tnast. Below this ring, and revolving freely on the cap, is 
a wronght-iron frame containing two slieaves or pulleys. 

The " boom," or derrick, has its outer end supported by a 
topping-lift fastened to this wrought-iron frame. The otlier 
end fits into an iron socket with collar, or is fastened to a 
Wooden frame which embraces the mast, and has a motion of 
rotation around it The wooden frame bears two windlasses 
and a platform on which the men stand while working them. 
Two tackles are used, one suspended from the outer end of 
the boom, the other from the mast-head, the falls of both 
leading over the sheaves and thence to the windlasses. 




Fio. 116. 



The lower blocks of the tackles are fastened to a triangular 
t:ilate from which a hook is suspended. It is seen that by 
(hauling upon or slacking the falls alternately, the stone sus- 
pended from the triangular place can be placed at any point 
\vithin the circle described by the outer end of the boom. 

336. The blocks of stone are attached to the tackle in 
various ways. Some of the most usual methods are as fol- 
lows : 

I. By nippers or tongs, the claws of which enter a pair of 
holes in the sides of the stone. 

IL By two iron pins let into holes, which they closely fit, 
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sloping towards each other (Fig. 117)- The force appli^»<J 6 
' ' ' '"■ ■ loles. 



the chain to lift the block, jams the pins in their holei 




FlO. 117 — BepreaeQj a p inp t n 7 ew ot tho tackling for 
blockofrtone A with draQghtaarouid the odgM of iU faoM, and 
intennediate space axed or knotted 

a, draughts around edge of block. 

b, knotted part between draiigbU. 
e, iron bolts with ejes let into obliqae holes out in the blook, 
d and 6, cbain and rope tackling. 

111. By a airnple coutrivaiice inadu of three pieces <rf "tC^^ 
called a le-wia {I'ifi. 118), which has a dove-tail shape, wi '•^ 
the larger end downwards, fitting in a hole of similar ^haf^^^ 
The depth of the hole depisiids upon the weight and the kii^^ 
of stone to be raised. The tapering eide-pieoea, n, n, of tt^^^-^^^. 
lewis are inserted and placed against the aides of the holi^^^^ 
the middle pieue, w, ia then inserted and secured in its P***^^^ 
by a pin Tlie stone is then safely hoisted, as it is impossibi -^* 
for the lewia to draw out of the hole. 




Fro. 119— Alias ottaohadto 
the straight piece, b, admlto 
of the latter being' dnirn 
out, allowing the pieoe, *, 
to be removed. 



Tio. 118— SepreBents the com- 
mon iiOQ Uv>ia B. 

n, n, side pieces of the lewis. 

o, oeatre piece of lewis, with 
eje fastened to n, n by a bolt 

P, iron ling for attaching tackling. 

Where it may not be convenient to reach the pin after the 
stone lias been placed in position, a lewis of the form shown 
in (Fig. 119) may be used. ' 



WALLS OF BKIOE. 

837, Bricks have been referred to in a previous chapter 
as artificial stones. It therefore follows that the general 
principles enunciated for the construction of stone masonry 
are the same for brick as far as they are applicable. 

From the nniformify of size of brick, builders describe the 
thickness of a wall by the number of bricks extending across 
it Thus, a wall formed of one thickness of brick lying on 
their broad side, with their length in the direction oCthe 
length of tlie wall, is said to be "naif brick thick." If the 
thickness of the wall is equal to the length of one brick, the 
wall is called " one brick thick," etc. 

Tlie bond used depends upon the character of the strnc- 
ture. The most usual kinds are known as the English and 
Flemish. 

338. IhigUsh hond. — This consists in forming each course 
entirely of headers or of stretchers, as shown in Fig. 120. 

Sometimes the courses of headers and stretchers occur 
alternately ; sometimes ouly one course of headers for three 
or four courses of stretchers. The effect of the stretchers is 
to tie the wall together lengthwise, and the headers, cross- 
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Fig. 120. 

wise. The proportionate number of courses of headers to 
those of stretchers depend upon the relative importance of 
the transverse and longitudinal strength in the wall. 

Since the breadth of a brick ia nearly equal to half its 
length, it would be impossible, beginning at a vertical end or 
angle, to make this bond with whole bricks alone. This 
diniculty is removed by the use of a half-brick, made by 
cnttine longitudinally a brick in two. A whole brick, used 
ae ,a header, is placed at the corner ; next to this is put a 
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lialf-brick. This allows the next header to make the neoes- 
Rary overlap, whi(*.h can be preserved throughout the course. 
These half-bricks are called closers. 

339. Flemish bond. — This consists in laying headers and 
stretchers alternately in each course. 

A wall built with this bond presents a neater appearance 
than one built in English bond, and is, therefore, generally 
preferred for the fronts of buildings. It is not considered 
as strong as the English, owing to there being, ordinarily, a 
less nuinber of headers in it. 

340. Strengthening of bond. — ^Pieces of hoop-iron or iron 
lath, so thin that they may be inserted in the joints without 
materially inci-easing their thickness, add to the strength of 
the bond, especially when hydraulic mortar is used. TThey 
are laid flat in the bed-joints, and should break joints. It i^ 
well to nick them at intervals and bend the ends at tigiy^ 
angles for the length of two inches, inserting' the bent &a:- 
tremities into the vertical joints. 

This method was used by Brunei in forming the entranc^e 
to the Thames tunnel, and is sometimes designated ^^ 
hoop-iron bond. 

341. Hollow masonry. — ^Hollow brick walls are now ^^• 
tensively used in buildings. 

The advantages of hmlow walls are economy, lightne«=5^ 
and, particularly, freedom from dampness. 

The bricks may be hollow, being laid in the usual way, bt>J 
the usual method of forming the walls is to use ordinary briefer 
and so arrange them in the walls as to leave hollow spac^^ 
where required. 

342. Strength of briok masonry. — The strength of brick 
masonry depends upon the same three conditions already 
given for stone. Hence, all misshapen and unsound bricks 
should be rejected. 

With good bricks and good mortar a masonry of strength 
and durability nearly equal to stone is easily formed, ana at 
less cost. Its strength is largely due to the strong adhesion 
of mortar to brick. The volume of mortar used is about cm- 
ffth that of the brick. 

343. Laying the brioks. — The strength of brick masonry 
is materially affected by the manner in which the bricks are 
laid. They should not only be placed in position, but pressed 
down firmly into their beds. 

As bricks have great avidity for water, it would always be 
well not only to moisten them before laying, but to allow • 
them to soak in water several hours before they are used. 
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By taking this precaution, the mortar between the joints will 
set more iinnly. 

To wet the bricks before they were carried on the scaffold 
would, by making them heavier, add materially to the labor 
of carrying. It is suggested to have arrangements on the 
scaffold where they can be dipped into water, and then 
handed to the mason as he requires them. The wetting is of 
ereat importance when hydraulic mortar or cement is used, 
lor if the bricks are not wet when laid, the cement will not 
attach itself to them as it should. 



Machinery of Construotlon. 

344. Soa£S>lding. — In ordinary practice the scaffolds are car- 
ried up with the walls, and are made to rest upon them. The 
essential features are tlie same as those used for stone walls. 
It would be an improvement if an inner row of uprights were 
used instead of the wall to support the framework, for the 
cross-pieces, resting as they often do on a single brick in a 
green wall, must exert an injurious influence on the wall. 

Machinery for hoisting the bricks, mortar, etc., are used in 
extensive works. For ordinary buildings the materials are 
carried up by workmen by means of ladders. 



WALLS OF CONCRETE. 

345. Concrete masonry. — Within recent years much at- 
tention has been paid to the constniction of walls entirely of 
concrete. 

Method of construction. — The concrete is moulded into 
blocks, as previously described, and then laid as in stone ma- 
sonry ; or it is moulded into the wall, the latter becoming a 
monolithic structure. 

The walls in the latter case are constructed in sections 
about three feet high and ten or fifteen long. For this pur- 
pose a mould is used made of boards forming two sides of a 
box, the interior width of which is equal to the thickness of 
the wall. Its sides are kept in place by vertical posts, which 
are connected together and prevented from spreading apart 
by small iron rods, as shown in Fig. 121. 

The concrete is shovelled into the mould in lavers and 
rammed with a pestle. As soon as the mould is &led, the 
iron rods are withdrawn and the mould lifted up. A. second 
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section is formed in like manner on the top of the first, wd 

I be proc€B8 eoes on until the wall reaches the reqnired height. 

It scaffolaing he required ia their conatrnction, one of the 

ordinaiy form may be need, or one like that Bhown in Fig. 131. 




Fig 121 



Tflll'8 bracket scailblding m which the platforms are 

sustained by dampi tr them to the wall as it ia bnilt np, 
using the holes left vl t.i tl e ro r xiu a e withdrawn, is an 
example of one of the devKea used in the constnictkm of 
concrete walls; so aho Clarke's adjustable frame, in which 
the platform is Biipi>orted by a frame from above, fastened to 
clamps embracing the wall. Iloisting apparatus suitable for 
the wf)rk is also employed. 

Hollow ■walls. — In case the wall is required to be hollow, 
a piere of board of the thickness of the required space to be 
left open, and slightly wedge-shaped to admit of ita being 
easily removed, is laid horizontally in the monid, and the 
concrete rammed in well around it. When the concrete is 
filled to the top' of the board, it is drawn out, leaving the re- 
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quired air space. At regular intervals, ordinary bricks are 
laid as ties to connect together the outer and inner walls. 

Flues, pipes, and other openings for heating, ventilating, 
conveying water, gas, smoke, etc., are constructed in a similar 
nianner by using movable cores of the proper size and form. 
Strength and advantages of oonorete walls. — It is 
claimed that concrete walls are easier of construction, 
cheaper, and stronger than brick walls of the same thickness, 
J^nd that they possess the great advantage in allowing air pas- 
sages and flues to be easily constructed of uniform size and 
smooth interiors. 



BBTAININO AND RB8BRVOIR WALLS. 

346. Especial care should be taken, in the construction of 
these walls, to secure a firm foundation, and to observe all the 
precautions mentioned in previous articles for laying masonry. 

Thorough drainage must be provided for, and care be 
taken to keep water from getting m between the wall and the 
earth. If tne water cannot be kept out, suitable openings 
through the masonry should be made to allow the water to 
escape. 

When the material at the back of the wall is clay, or is 
retentive of water, a dry rubble wall, or a vertical layer of 
coarse gravel or broken stone, at least one foot thick horizon- 
tally, must be placed at the back of the retaining wall, be- 
tween the earth and the masonry, to act as a drain. 

In filling in the earth behind the wall, the earth should be 
well rammed in layers inclined downward from the wall. 

Especial care should be taken to allow the mortar to harden 
before letting the wall receive the thrust of the earth. 

Whenever it becomes necessary to form the embankment 
before the mortar has had time to set, some expedient should 
be employed to relieve the wall as far as possible from pres- 
sure. Instead of bringing the embankment directly against 
the back of the wall, dry stone or fascines may be interposed, 
or a stiff moilar of clay or sand with about ^th in bulk of 
lime may be used in place of the dry stone. 

347. Form of oross-seotlon of retaining walls. — The 
rectangular and the trapezoidal forms are the most common. 
It is usual, in the latter case, to give the face a batter, varying 
between ^ *^"<i ^> and to build the back, or side in contact 
with the earth, vertical, or in steps. From experiments made 
with models of retainuig walls, it was shown that as the wall 
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gave way, the priBin of earth pressing against it did not renA^e 
around any line, bnt Bettled suddenly and then rested nn.1a>^ 
another shock. These experiments aeera to confirm the prao- 
ti(« of building the back in steps. 

In some cases the wall is of nniforra thickness with sloping 
or curved faces. (Figs. 122 and 123.) 





Fro 123 Fro. 123. 

It will be seen that, the weight remaining the same, tEr»-' 
>vall with sloped oi curved faces has an increase of 8tabili*^J 
over the corresponding equivalent wall of rectangular ero »g» 
section. 

The advantage of such forms, therefore, lies in the saTiix^; 
of material 




Walls with curved hatter should have their bed-joints pw^ 
pendicular to the face of the wall, so as to diminifih the obU- 
qnity of pressure on the base. (Fig. 124.) 
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348. CoiiDterforts. — Counterforts are generally placed 
along the back of the wall, 15 to 18 feet apart, from centre to 
centre; their construction is in every way similar to that 
recommended for retaining walls. 

They should be built simultaneously with the wall, and be 
Mrell bonded into it. 

34r9. Relieving arches. — The name of relieving arohoB 
is given to a range of arches resting against the back of a re- 
taining wall to relieve it from the pres8ure,or a part of the 
pressure, produced by the earth behind. (Fig. 125.) 




Fw. 125. 



These arches have their axes placed at right angles to the 
back of the wall, and may have tJieir fronts enclosed by the 
earth, as shown in the vertical section represented in Fig. 125. 
There may be one or several tiers of them. 

Knowing the natural slope of earth to be retained, and 
assuming the length of the arch, its height can be deduced, 
or assuming the height, its length may be obtained, so that the 
pressure of the earth on the wall shall not exceed a given 
amount. 

The relieving arches are ordinarily placed about 18 or 20 
feet apart, between their centre lines. The thickness of 
tlie arch and piers will depend upon the weight they have to 
support. 

ARSAS, UNTSLS, STO. 

350. These structures sustain either a vertical pressure up- 
wards or downwards, and are ex|x>8ed to a cross-strain. 

Area. — It happens sometimes that an upward pressure is 
produced on an area by the presence of water; this pressure 
must be guarded against. The area of the new capitol at 
17 
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Albany, K. T., ie several feet thick, and was made by first 
placing large flat stones over the siirface, and then adding 
successive layers of broken stone and concrete. 

Iiintels. — The resistance to a transverse strain is very slight 
in stone ; therefore the distance to be spanned by the lintel 
should be quite small, seldom exceeding six feet. 

Plate-bands. — For a similar reason to that just eiven for 
lintels, the span of a plate-band should not exceed ^^feet, 
and all pressure from above should be borne by some inter 
posing aevice. 



351. Tlie form of the arch is generally assumed, and tl^® 
number and thickness of the voussoirs are determined afte^^ 
wards. The curves of right section of full centre, segment^^i 
and elliptical arches require no further description, as tfc*® 
student has already learned the method of constructing thes^^ 
curves. The various ovals will be the only ones descriDed. 



Methods of Construoting Ovals. 

352. The span and rise of an arch being given, together::^' 
with the directifms of the tangents to the curve at the sprin^^S' 
ing lines and crown, an infinl[te number of curves, compose ^ 
of arcs of circles, can be determined, which shall satisn^ tli— — ® 
conditions of forming a continuous curve; or one in whicn th ^ 
arcs shall be consecutively tangent to each other, and the coi^^* 
ditions that these arcs shall be tangent at the springing line^=^ 
and the crown to the assumed directions of the tangents t0^ 
the curve at those points. To give a determinate chai'acter t«-^ 
the problem, there must be imposed, in each particular cas^^ 
certain other conditions upon which the solution will depend* 

When the tangents to the curve at the springing lines and 
crown are respectively perpendicular to the span and rise, the i 
curve satisfying the above general conditions will belong to j 
the class of oval or basket Jiandle curves; when the tangents 
at the springing lines are pei-pcndicular to the span, and those 
at the crown are oblique to the rise, the curves will belong to 
the class of pointed or obtuse curves. 

The pointed curve gives rise to the pointed or Grotblo 
aroh. 

If the intrados is to be an oval or basket-handle, and its 
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1 18 to be not less than one-third of the span^ the oval of 

e$ centres will generally give a curve of a foiin more pleaa- 

to the eye than will one of a greater number of centres ; 

if the rtee is to be less than a third of the spo/n^ a curve 

B?e, seven, or a greater odd number of centres will give 

more satisfactory solution. In the pointed and obtuse 

yes, the number of centres is even, and is usually restricted 

four. 

53. Three centre curves. — ^To obtain a determinate 
ition in this case it will be necessary to impose one more 
dition which shall be compatible with the two general 
3 of having the directions of the tangents at the springing 
s and crown fixed. One of the most simple conditions, 
one admitting of a great variety of curves, is to assume 
radius of the curve at the springing lines. In order that 
condition shall be compatible with the other two, the 
ph assumed for this radius must lie between zero and the 
of the arch ; for were it eaual to zero or to the rise there 
;ld be but one centre ; and ii taken less than zero or greater 
I the rise, then the curve would not be an oval. 




meral ConBtruotion.— Let A D (Fig. 126) be the half 
, and A C the rise. Take any distance less than A C, and set 
F from D to R, along A D ; and from C to P, along A C. 

R and P, bisect by a perpendicular. Prolong this per- 
licular until it intersects C A produced. Then S, R, and 
int on A B, distant from A equal to A R, will be the three 
rea of the required oval. 

is evident that there will be an infinite number of ovals 
hie same span and rise. 
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For, denote by R the radius S C of the arc at the ci-omti, 
by r the radius R D at the springing line, by a the half spari 
A D, and by h the rise A C. 

There results from the right angled triangle S A R, 

SR^zzrAT'-f ATR*, 

or 

(E - r)» = (R - J)« + (a - r)\ 

from which is obtained 

-P _ g^ -f y — 2ar 

2(A-r) ' 

which may be satisfied by an infinite number of seta of val 
of E and t, 

854. To oonstruot an oval of three centres, vnth ^-^^ 
condition tliat each of the three a/rcs ahaU be of 60°. 

Let B D be tlie span and A C the rise (Fig. 126). With e*^^ 
radius A B describe Bba of 90° ; set off on it Bb = 60° ; dr»- ^ 
the lines aJ, iB, and AJ; from C draw a parallel to aJ, a-^^^ 
mark its intei-section c with bB ; from c draw a parallel 
AA, and mark its intersections N and with A B, and C A p 
longed. From N, with the radius N B, describe the arc E^^^» 
from 0, with the radius Oc, describe the arc Cc. The cuf ^^^f 
BcC will be the half of the one satisfying the given con^::^ ^* 
tions, and N and two of the centres. 

355. To construct an oval of three centres imposing t:^ "^^ 
condition that the ratio between the radii of the arcs at 
crown and springing lifie shall be b,' wdnimum. 

Let A D be the half span, A C the rise (Fig. 126). D 
D C, and from C set off on it Cd = Ca, equal to tiie diff ^^=" ^ ' 
ence between the half span and rise. Bisect the distance t--^^ 
by a perpendicular, produced until it intersects C A prolonged ^^' 
Irom the points of intersection, R and S, as centres, with ti^^ 
radii R D and S Q, describe the arcs D Q and Q C ; and ti-*^ 
curve D Q C will be the half of the one required. 

For, from the triangle S A R, we get 

E a'^ -f J2 - 2ar . . 
r (2o — 2r)r 

Differentiating this expression, and placing its first differeXi- 

E> 



€) 



tial coefficient equal to zero, i— = 0, there resnlts, after thi0 

or 

terms are reduced, 
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c? + y-(a-5) Va^ -f y _ Va\-\- }? . Vc? -f V-{a-h) \ 
2a " a \ 2 >'' 

t V'cfT^ = D C, and Va^ + V --{a-h)= Dd, hence the 
?en construction. 

When tlie rise is less than one-third of the span, ovals of 
ree centres are not of so pleasing a shape, and one of five 
even a greater number or odd centres must be used. 
356. To oonstruot an oval of five centres. — This oval 
ajr be constructed as follows (Fig. 127): 




PlO. 127. 

Let A B be the half span, and A C the rise of the arch, 
•ect at B a perpendicular to A B, and lay off B D equal to 
Z. Join B and C, and through D draw D perpendicular 
B C,and produce it until it intersects C A prolonged. Lay 
' A H to the right of A equal to A C, and on B H as a diame- 
: describe tlie semicircle B E H. From A on A lay off 
- equal to C E, and with as a centre and F as a i*adiiw 
scribe the arc F N. Lay off from B, on B A, a distance B L 
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equal to A E, and with R as a centre and a radius equal to 
R L describe the arc L N. 

The points 0, N, and R are the centres, and Q, N M, and 
R B = R M arc the ittdii of the arcs forming the oval. 

In other ways, by assuming conditions for the radii of the 
two consecutive arcs from the springing line, other ovals of 
five or a greater number may be constructed. 

The curve of the intrados of Perronnet's fine bridge at 
Neuilly, over the Seine, is an oval of eleven centreB, the 
radius at the springing line being 21 feet, and at the crown 
159 feet, the span being 128 feet, and the rise 32 feet 

357. Ovals of fbur centres, or obtuse and pointed 
curves. — Their constructions are analogous to those already 
given for three centres. For example — 

To construct an oval of four centres. — One method is 
as follows : 

Let A B (Fig. 128) be the half span, A C the rise of the 
required curve and C D the direction oi the tangent to it at 



Fig. 128. 



the crown. At C draw a perpendicular to C D. Take any 
point R on A B, such that R B shall be less than the perpei^ 
dicular R6 from R upon the tangent C D. From C, on th* 
perpendicular to C D, set ofp Cd equal to the assumed dii^ 
tance R B ; draw Rd and bisect it by a perpendicular, whidi 
prolong to intersect the one from C at tlic point S ; throngb 
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S and R draw a line ; from R, with the radius R B, describe 
an arc, which prolong to Q to intersect the line through S and 
R ; from S, with the radius S Q, describe an arc which will 
be tangent to the first at Q and pass through C. The curve 
B Q C will be the half of tiie one required to satisfy the given 
conditions. 

The fbur-oentred Tudor aroh is generally constructed as 
follows : 

Let A B (Fig. 129) be the span, and divide it into four equal 
parts, the points of division being D, C, and D'. 




Fio. 129. 



From D and D', with a radius equal to D D^ describe arcs 
intersecting at E. Through E draw the lines D E and D'E, 
and produce them until they intersect the perpendiculars to 
the span through D and D'. With the radius D A describe 
the arc A F, and with the radius O'F the arc F H. The other 
half is drawn in a similar manner. 

358* VouBSOirs. — The form of intrados and depth of key- 
stone being determined, the form of the extrados and the 
number of^ voussoirs are then fixed. The shape and dimen- 
sions of the voussoirs should be determined both by eeometri- 
cal drawings and numerical calculation, whenever the arch is 
important, or presents any complication of form. The draw- 
ings should be made to a scale sufficiently large to determine 
the parts with accuracy,* and from these, pattern dra'wings 
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may be constrncted giving the parts in their tme suse. 
make the pattern drawings, the side of a vertical wall or a 
horizontal area may be prepared with a thin coating of moi" 
tar, to receive a tnin, 8iu(x»th coat of t)la8ter of Paris. Tli^ 
dmwing is then made on this prepared surface by const met 
ing the cnrve bj points from its calculated abscissas and oi-di 
nates, or, where it is formed of circular arcs, the centres falE 
ing within the limits of the prepared surface, by using th' 
(»rainary instruments for describing such arcs. To conBtmc 
the interniecliiite normals, whenever the centres of the arcs d 
not fall on the surface, an arc with a chord of about one fo<> 
may be set ofiF each side of th^ point through which th^ 
normal is to be drawn, and the chord of the whole arc, thu 
set off, be bisected by a perpendicular. Tliis constructio 
will generally give a sufficiently accurate practical result foi— 
elliptical and other curves if or a large size. 

l^i*om the pattern drawings thus constructed, templets an<9. 
bevels are made which guide the stone-cutter in shaping th^ 
angles and surfaces of the vuussoirs. 

The methods of representing the voussoirs by projections^ 
and from them deducing the true dimensions and lorms o^ 
the joints, are discussed in " Stonk Cuthng." 

359. Bond. — The same general principles are followed in 
arranging the joints and bond of the masonry of arches, as 
in ot^ier masonrv structures. The surfaces of the joints 
should be normal to the soffit, and the surfaces of any two 
systems of joints should be normal to each other at their lines 
of intersection. These conditions, with i*espect to the joints, 
will generally l)e satisfied by tracing upon the soffit its lines 
of least and greatest curvature and taking the edges of one 
series of joints to correspond with one of these systems of 
lines, and the edges of the other series with the other system, 
the surfaces of the joints being formed by the surfaces nor- 
mal to tlie soffit along the respective lines in question. When- 
ever the surface of the soffit is a single cui*ved surface, the 
joints will be thus either plane or developable surfaces. 

Hence, in the right cylindrical aich the edges of one series 
of joints will correspond to the right line elements of the 
cylindrical surface, while those of the other will correspond 
to the curves of right section, the fonner answerinyg to the 
line of least, and the latter of greatest curvature. TOie sur- 
faces of the joints will all be plane surfaces, and, being 
normal to the soffit along the lines in question, will be nor- 
mal also to each other. 

In full centre and segmental arches, the voossoirs are 
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nnnally made of the eame breadth, estimated along the curve 
of right BectioD. In the right cylindrical arches of other 
forms of right section, it may not in many eases be practi- 
t-able to give to all llie voiisBoirs the same oreadtli, owing to 
the variable curvature of the right section ; but the arrange- 
ment is the same throughout all the ring courses. 

360, Oblique or askew arches. — When the obliquity is 
flight, the Bi'tih is built of equal separate ribs, each rib stigbtly 
overlapping the other, or, the obliquity is obviated hy usiug 
piers or trapezoidal horizuiital section. If the obliquity be 
considerable, a different metiiod must he pursued. 

In order to avoid the pi-easure being oblique to the cours- 
ing joints, the latter cannot be made paraliel to the axis of 
the arcli. The difficulties thus originated have caused the 
askew arch to be used ^ery tittle in this country. 

The best form for the edges oi the heading joints would 
be the curves cut out of the soffit by vertical planes, passed 
parallel to the head of the arch. The edges of the coursiug 
joints will then be found, by tracing on the soffit, curves at 
right angles to the edgesof the heading joints. Tliis method 
- is the one piincipally used in France (Fig. 130). It gives 
unequal width on the soffit to the voussoirs, and therefore 
makes it inapplicable to brick masonry. The joints are also 
difficult of execution. 




Fig. 130. — ElDvation of the bead and a portion of the aoSt of an obliqna 
(^lindrical arch, with Ihe edges of the coursing jointa at right angles to 
Uie edgee of heading joInlB, which latter ate irarallel to the onrrea of the 
heads of the aieh. 

The letteia lefer to same parte as in next tgaie. 

The method most commouly used in England consists in 
placing the edges of the joint along spiral lines (Fig. ISl) 
of the Boffit, interstieting each other at right anglra. The 
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Bpirale for the edees of the heading joints are drawn parallel 
to the spiral which passes through tne ends of the span and 
rise of the head of the unJi ; the spirals for Iho edges of the 




FlU. 181. — ElSTKtion, A, of the bead and of m part of the aoffib, B, of ■« 

oblique 07liDdTicBl arcb with ipini jaints. 
a, TOiuaoirB of cat atone. 
e, e, bottom oourae of itfiite ronsaoin oat to noeive the biiok oohibm. 

C, face of tbe abutnieDt. 

D, Mide ot the abntmenta. 

coursing joints being traced on tbe soffit perpendicular to the 
first set of spirals. 

Tlie above are the two principal methods nsed for import- 
ant arches of considerable obliquity. 
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Arches may be either of stone, brlok, or mixed maaonrv- 

361. Arohes of atone. — In wide spans, and particularly in 
flat arches, cut stone alone should be used. 

Rnbble stone may be used for very small arches, which do 
not sustain ituicli weight, or as a SUiog between a network of 
the ring and string courses of larger ones. In both cases the 
blocks sliould be roughly dressed with the hammer, and the 
best of mortar should be need. 

362, Arohes of briok. — Brick may be nsed alone or in 
combination with cut stone for arches of considerable size. 
The brick nsed may be wedge-shaped, or of the common 
form. There ia no difficulty m wedge-shaped bricks accom- 
modating themselves to the curved shape of the arch. In 
common brick this aecummudation can be partially effect- 
ed by making the joints thicker towards the cxtradoe than 
towards the intrados. 

Brick arches are often built in concentric rings, each half 
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« brick thick, the connection of the rings depending upon the 
tenacity of the mortar. Continuous joints are thoa fonnod 
parallel to the soffit, aud are liable to vield on the areh 
settling. The layere ave called shells. "tliiB method should 
not Iw used in arches of more than thirty feet span. Another 
mode of constractinn is to lay the bricKH in ordinary Btring 
courses. In this method continuous joints are formed, ex- 
tending from the soffit outward ; they are necessarily very 
open at tlie back, and must be tilled with mortar, pieces of 
slate, or other material. 

To obviate the defects of hoth methods as much aa possible, 
the arch may be constructed by building partly in one way 
and partJy m the other; or, as it is termed, m sheUs and 
1>loakB (rig. 132). This method is to use blocks of brick- 
work built as solidly as possible, separated at short intervals 
by portions of concentric rings. The bricks iu the blocks 




ehontd be moalded or nibbed down to the proper form, 
eBpecially in arches of importance. Pieces of hoop-iron laid 
in th^ jomts would increase the strength of the bond. 

363. Arohes of mixed masonry. — When a combination 
of brick and cnt stone is used, the ring courses of the heads, 
with some intermediate ring courses, the bottom string 
conreea, the key-stone course, and a few intermediate string 
conrees, are made of cut stone, the intermediate spaces being 
filled with brick (Fig. 133). 

The Tooaaoin which form the ring oonrBe of the heads are 
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nBnally terminated by plane surfaces at the top and on tbe 
sides, for the pui-poee of couneuting tbem with the horisontal 




conreeB of the head which lie above and on each Bide of th^v 
arch (Figs. 134 and 135). 



Fra. 1S3, 



This connection may be made in Tarious ways. The points 
to lie obBurved are to form a good bond between the vonBeoira 
and horizontal courBes, and to give a pleasing architectural 
effect. 

tiornetimeE the voiissoir is bo cntas toform an elbonr-Jolnt, 
aB shown at 0, 0, in Fig. 134. This ie objectionable Iwth on 
account of waste of material in the cutting and from tlie 
liability of tlie stone to split when the arch settles. 

364. CapplngB,— Wlien tlie lieads of the arch form a paii 
of the exterior of a structure, as when they are the faces of a 
wall or the outer portions of a bridge, then the top siirface 
of the vnnesoii'S of the ring courses, between tlie heads, is 
usually left in a roughly dressed state to receive the courses 
of masonry, termed tlie oapping, which rest upon the arch 
between the walls of the head. Before laying the capping, 
the joints of the voussoii-s on tlie back of the arch should be 
carefully examined, and, wherever they are found to be open 
from the settling of the arch, they should be filled. 
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The capping may be of brick, rubble, or concrete. When 
the arches are exposed to filtration of rain-water, as in bridges, 
casemates of fortifications, etc., the capping should l)e made 
water-tight. 

The difiiculty of forming water-tight cappings of masonry 
has led engineers to try a covering of asphalt laid upon con- 
crete. This asphalt is put on as previously described, using 
sometimes several coats, care being taken to make the squares 
of each successive layer break joints with the preceding. 

In a range of arches, like those of bridges or casemates, 
the top of the capping of each arch forms two inclined sur- 
faces, like those ot a common roof. The bottom of these 
surfaces, by their junction, form gutters where the water col- 
lects, and irom which it is conveyed off in conduits, formed 
either of iron pipes or of openings made through the masonry 
of the piers. 

When the space between the head walls above the capping 
is filled in with earth, a series of drains should be made run- 
ning from the top or ridge of the capping, and leading into 
the main gutter drain. They are made of dry brick laid flat, 
with intervals, being covered by other courses of dry brick 
with open joints. 

365. Abutments and piers. — The same care and precau-^ 
lions recommended in constructing retaining walls apply 
equally to the construction of abutments and pi ere. 

When abutments, as in the case of buildings, require to be 
of considerable height, and would therefore demand extraor- 
dinary thickness if used alone to sustain the thrust of the 
arch, they may be strengthened by carrving them up above 
their connection with the arch, thus ad(iing to their weiglit, 
as in the battlements and pinnacles of Gothic architec- 
ture ; by adding to them ordinary, full, or arched buttresses, 
termed flying buttresses ; or by using ties of iron below 
the key-stone to connect the vunssoirs which are near the 
joints of rupture. The employment of these different expe- 
dients, their forms and dimensions, will depend on the char- 
acter of the structure and the kind of arch. The iron tie, 
for example, cannot be hidden from view except in the plate- 
band, or m very flat segmental arches ; and wherever its ap- 
pearance would be unsightly some other expedient must bo 
tried. 

366. Ckmneotion of the arch with its abutment. — 
Care should be taken to make a firm connection between the 
lowest coui*se8 of the arch and the top of the abutment, par* 
ticularly in the askew and segmental arches. 
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The top Btone of the abatment, or cnshion gtonOy shonld be 
well boTiaed with the stones of the backing; should be made 
thick enough to resist the pressure brought to bear on it ; and 
made secure against any suding. 



Maohinery Used In Construotion. 

367. Scaffolding and hoisting arrangements are necessary, 
and are in all things similar to thosQ used for other stone 
masonry. In addition, a construction called oenterings are 
used. From the nature of an arch, formed as it is of sepai*ate 
pieces, it is evident that it could not be placed in position 
without some artificial support for the blocks to rest upon 
during construction. When the arch is completed the arti- 
ficial support is removed, leaving clear the space arched over. 
This aitincial support is called the centre or centering of 
the arch, and is made generally of wood. 

A centre may be defined to be a wooden frame which 
supports the voussoirs of an arch while the latter is in pro- 
gress of construction. 

It consists of a number of vertical frames, termed ribs, 
upon which horizontal beams, called bolsters, are placed to 
recjcive the voussoirs of the arch. These ribs are placed 
from five to six feet apart, and have the upper or bearing 
surface curved to a figure parallel to that of the soffit of the 
arch. For an arch or considerable weight, the pieces form- 
ing the back of the centre on which the bolsters rest consist 
of beams of suitable lengths shaped to the proper curvature 
and abutting end to end, the joints between them being nor- 
mal to the curved surface. Tne joints are usually secured by 
short pieces, or blo(tks, placed under the abutting ends and to 
which the pieces are bolted. The blocks are shaped so as to 
form abutting surfaces for struts which rest against them and 
against firm points of support beneath. To prevent the struts 
from bending, braces or bridle pieces are used, and the 
whole frame is firmly connected by iron bolts. 

This is the general construction of a centre. The position 
of the points of support and the size of the arches will affect 
materially the combinations of the parts. 

If for a light arch, as that thrown over a window or a 
door, planks instead of beams are used to form the back, and 
two ribs only are required. Their construction is shown in 
(Fig. 136). 
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In the figure, the centre is shows resting on the walls. If 
the intradoA ia to be tangent to the iuner fftce of the walls, 




snpporta mnst be placed next to the wall, as shown in Fig. 
137, to hold ap the centre. 




If the aroh bo heavier, an arrangement Rich as shown in 
Fig. 137 mav be used, in which the back may consist of two 
or three tbicKnesses of plank nailed together, or of pieces of 
scantling of proper size. 

The points to be considered in the constrnction of centres 
are, that the upper or (tearing sni'face shall bo correctly 
formed ; that the centre shall be strong euoagh to bear Uie 



load which is to be placed upon it ; that ia, to anpport the 
weight of voussoirs, workmen, tools, etc., without BJuKiug or 
changing its form during the conatrnction of the arch ; and 
that it may be easily and conveniently removed without in- 
jury when the ai-ch is completed. 

The most important centerings arc those used in thecon- 
stroction of bridges of wide span, and of domes of important 
public buildings. 

368. General remarks, — Tlie rules given for laying ash- 
lar or eut-stoiic maaonrv should especiaMy be Btrictly obeerred 
in the construction of arches.- The manner of laying Ae 
voussoirs which form the head of the arch demands peculiar 
care. The arch should be built up equally and simaltane- 
ously on the two sides of the centering, so that its constme- 
tion aiiould not be more rapid on one side than on the otiier. 
The load on the centering will in this way be kept Bjin- 
metrical. 

The centres, particularly of large arches, should not be re- 
moved until tlie mortar has set; it is recommended that,after 
removing the centre, the arch should be allowed to settle uid 
assume its permanent state before any load is placed upon it. 




Terj' flat arches and plate-bands over doorways or wide 
openings in a wall have segmental arches placed above (Fie. 
1S8J to relieve them from the weight of the wall whidi 
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otherwise would rest upon them. From the object of these 
additional arches, they receive the name or relieving 
arohes. 

The principles of the arch should be thoroughly under- 
stood bv the enpnneer as well as the architect. 

The form of the arch will depend upon the purposes which 
it has to serve, the locality, and the style of architecture. 

The full centre arch is the strongest, and should be used 
when great strength is required and no limit to the rise is 
imposed. The elliptical is regarded as the most graceful 
arch, the segmental as the most useful. 

Pointed arches are used in buildings, especially those of the 
Gk)thic order, but are not as a rule used for bridges or similar 
structures. 

369. Origin and use of the aroh. — It is a matter in ques- 
tion, to what country or people the world is indebted for the 
arch. But there is no doubt that Europe is indebted to the 
Romans for the general use of the arch in building. The full 
centre and segmental arches especially were much used by 
them in the construction of both public and private works, as 
temples, palaces, private residences, baths, sewei's, bridores, 
aqueducts, etc., whose remains are still to be seen. iThe 
Romans were the first to use the dome for covering temples. 

Afterwards, the arch under various forms became an essen- 
tial element in the construction of buildings throughout Eu- 
rope. And still later it forms in the United States a promi- 
nent feature of all our constructions, although it has not by 
us been used to the same extent in bridges as by Europeans. 



OXSNBRAL RULBS TO BE OBSERVED IN THE OONSTRUO- 

TION OF MASONRY. 

370. From w^hat has preceded, the following general rules 
may be stated : 

1. To build the masonry in a series of courses, which shall 
be perpendicular, or as nearly so as practicable, to the direc- 
tion of the force which they have to resist. 

2. To avoid the use or continuous joints parallel to the 
direction of the force. 

3. To use the largest stones in the lower courses. 

4. To lay the lower coui*ses, the force acting vertically, on 
their natural bed. Where great strength is required in these 
courses, the beds should be dressed square. 

5. To moisten all dry and poix>us stones before beddiiig 

18 
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them in mortar, and to thoroughly cleanse from dust, etc, 
their lower surfaces, and the bed of the course on which the 
stones are to be laid. 

6. To reduce the space between each stone as much as pos- 
sible, and to completely fill the joint with mortar. 



PRESERVATION OF MASONRY. 

371. When the joints of masonry are laid in common mor- 
tar, it is usual to protect the surface exposed to the weather 
by pointing them. 

In pointing, the joint is cut out to the depth of about an 
inch, brushed clean, and moistened with water ; the pointing 
mortar is then applied with a suitable tool, and is pressed into 
the joint aiid its surface rubbed smooth with an iron tool. The 
practice with the United States engineers is to calk the joints 
with a hammer and calking-iron arid to rub the surface of the 
pointing with a steel polishing tool. 

The pointing mortar is made of a paste of finely-gronnd 
cement and clean, sharp sand, about one measure of cement 
pas'e to two and a half of sand ; or, if mixed dry, one of 
cemeut to three of sand by weight. It is made in small 
quantities at a time, the ingredients being mixed are placed 
in an iron mortar with a little water, and thoroughly incor- 
porated by pounding with an iron pestle. 

The period at which pointing should be done is not fully 
agreed upon by builders, souie preferring to point while the 
mortar in the joint is still fresh, or green; and others not 
until it has become hard. The latter is the better plan ; the 
former is the cheaper, as the joints are more easily cleaned out. 

To obtain pointing that will withstand the changes of onr 
climate is not the least of the difficulties of tlie builder's art 
The contraction and expansion of the stone causes the point- 
ing to crack, or to separate from the stone, and the water 
penetrating into the cracks thus made, throws out the point- 
ing when acted upon by frost. Some have tried to meet this 
difficulty by giving the surface of the pointing such a shape, 
and so arranging it with respect to the surfaces of the stones 
forming the joint, that the water shall trickle over the point- 
ing without entering the crack usually found between the bed 
of" the stone and the pointing. 

372. Flash-pointing is a term sometimes applied to a thin 
coating of hydraulic mortar, made \vith a large projK>rtion of 
hydraulic cement, laid over the face or back of a wall to pro- 
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tect the joints or the stone itself from the action of moisture 
and the weather. 

When nsed to protect the stone, the sand in the mortar 
should be coarse, and the mortar applied in a single uniform 
r.<»at over the surface, which should be thoroughly cleansed 
f ix>m dust and loose mortar, and well moistened oefore the 
application is made. 

373. Preoautions against unequal settling. — A certain 
amount of settling always takes place in masonry, due to the 
shrinkaoje of the mortar and other causes, and the engineer 
must take every precaution to ensure that this settling shall 
he equal throughout. Otherwise, especially in parts sustain- 
ing unequal loads, and which ai'e requii-ed to be firmly joined 
together, the unequal settling that takes place is accompanied 
by cracks and ruptures in the masonry. 

To avoid this unequal settling, it is advised to use the same 
thickness of mortar throughout, to pay particular attention to 
the bond and correct fitting of the courses, and to carry up 
all parts of the wall sitnultaneously. If the walls are to be 
subjected to heavy vertical pressures, it is recommended to 
take the further precautions of using hydraulic instead of 
common mortar, of requiring the materials to be uniform in 
size and quality, and of delaying putting the permanent load 
on the walls until the season after the masonry' is laid. It is 
also suggested to use a proof load, when practicable, before 
placing on the permanent one. 

374. Efibots of temperature on masonry. — Frost is the 
most powerful destructive agent against which the engineer 
has to guard in masonry constructions. During severe winters 
in the northern parts of our country, it has been ascertained, 
by observation, that the frost will penetrate earth in contact 
with walls to a depth of ten feet; it therefore becomes a 
matter of the first importance to use every practicable means 
to drain thoroughlj^ all the ground in contact with masonry 
to whatever depth the foundations may be sunk below the sur- 
face ; for if this precaution be not taken, accidents of the 
most serious nature may happen to the foundations from the 
action of the frost If water is liable to collect in any quan- 
tity in the earth around the foundations, it may be necessary 
to make small covered drains under them to convev it oflF, and 
t6 place a sti-atum of loose stone between the sides. of the 
foundations and the surrounding earth to give the water a free 
downward passage. 

It may be laid down as a maxim in building, that mortar 
exposed to the action of frost before setting will be so much 
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tar in a irreeii state are similar, bi the one case the freeziug 
of the water prevents a union Itetween the particles of the 
iirnf* and rand : and in the other, the same res^ult arises froin 
the uater l»eincr rapidly evaporated. In Ixith cases the mortar 
to wfak and p:;lveruk'nt when it has set. 

^7.>. Repairs of masonry. — In rt- f^airing masonry it i» 
nifce^nHry to <-<>nne<:t the new work with the old. To do this, 
the fciirfare of the old, where the junction is to be made, 
should lie arranged in steps and the rnortar along this surface 
be ti4:TSL\fe<\ and (-leaned. The new w*»rk is then joined to the 
steps by a suitable Umd, care being taken to have the surfaces 
fitted accui-ately, and to use the least amount of mortar that 
will effect the required object. 

MENSURATION OF MASONRY. 

376. Engineers, when measuring or estimating qnantitiefl 
of masonry, state them in cubic feet or vards. l^iiilders and 
contractors often use other modes, as perches of stone, rods of 
l)ri(;kwork, etc. To avoid misunderstanding, the engineer 
should inform himself of the modes used in the locality where 
his work is to be biilt. 
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FOUNDATIONS. 



CHAPTER XL 

377. The term, fbiindation, h used to designate the lowest 
portion or base of any structure. 

This term is frequently applied to that portion of the solid 
material of the earth upon wliich the structure rests, and also 
to the artificial arrangements which nrmy be made to support 
the base. 

It is recommended to restrict the use of the term, fbunda- 
tion, to the lower courses of the structure, and to use the 
term, bed of the fbiindation, when either of the other two 
are meant. 

378. In the preceding chapters, the foundations of the 
structures there considered have been regarded as secure. 
Since the permanentje of structures depends greatly upon the 
safety of the foundations, it is plain that the importance 
attached by engineers to the proper construction of them 
cannot be over-estimated. 

379. Foundations are liable to yield either by sliding on 
their beds or by tuniing over by rotation about One ot the 
edges. In general, if care is taken to prevent rotation, there 
need be no tear of yielding by sliding, especially if the bed is 
a hard ground or other compact material. 

If the bed is of a homogeneous material and the pressure 
borne by tlie foundations is uniformly distributed over it, 
there will be no tendency to overturn, and the settling, which 
always exists to a greater or less extent, will be uniform 
throughout. 

If the material forming the natural bed is not homogeneous, 
or the centre of pressure does not coincide with the centre of 
figure of the base, unequal settling will take place, followed 
by cracks and ruptures in the masonry, and finally, under 
certain circumstances, by the destruction of the work. 
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The main objects to be attained, in preparing the bed and 
foundation of any structure, ai*e to i*eauce the settling to the 
smallest possible amount, and to prevent this settling from 
being unequal. 

380. The beds of foandations are divided into two classes : 

1. Natural beds, or those prepared in soils sufficiently 
firm to bear the weight of the striictui'e ; and 

2. Artificial beds, or those which require an artificial ar- 
rangement to be made to support the structure, in consequence 
of the softness or want of homogeneousness of the soil. 

Before a selection of the kind of bed can be made, it is 
necessary to know the nature of the subsoil. If this is not 
already known, it is determined ordinarily by digging a 
trench or sinking a pit close to the site of the proposed work, 
to a depth sufiicient to allow tlie different stmta to be seen. 
For important structures, the kind of subsoil is frequently 
made known by boring with the tools usually employed for 
this purpose. 

When this method is used, the different kinds and tliick- 
nesses of the strata are determined by examining the speci- 
mens brought up by the auger used in boring. 

881. Soils are divided, with reference to foundations, into 
three classes : 

1. Those composed of materials whose stalnlity is not 
affected by saturation with water, and which are firm enough 
to support the weight of the structure. 

2. Tliose firm enough, but whose stability is afltected by the 
presence of water. 

3. Compressible or soft soils. 

Kock, compact stony earths, etc., are examples of the first 
class ; clay, sand, fine gravel, etc., are examples of the sec- 
ond ; and common earth, marshy soils, etc., are examples of 
the third. 

The beds are prepared either on land or under the water. 



FOUNDATIONS ON LAND. 

There will be three cases, corresponding to the three kinds 
of soil in which the bed is to be prepared. 

I. BEDS PBEFABED IN SOILS OF THE FIRST CLASS. 

882. Rock. — ^When rock forms the material in which the 
bed is to be made, it is only necessary to ascertain if the rodr 
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has a suflScient ai'ea, is free from cavities, and sufficiently tliick 
to support the structure without danger of breaking. If the 
ixxik be found too thin, tlie nature of the soil on which it 
rests must be determined. If there ai-e any doubts on any 
of these points, a thorough examination into the thickness of 
the sti*atum and tests upon its sti'ength should be made. It 
is also i-ecom mended, in case of important sti-uctiires, to test 
further its strength by placing on it a trial weight, which 
should be at least twice as great as that of the proposed 
Structure. 

Having become satisfied with the strength of the rock, all 
the loose and decayed portions are removed and the surface 
levelled. If some parts are required to be at a lower level 
tliaii others, the bed should be broken into stepe. Fissure:? 
should be filled with concrete or rubble masonry. If this 
should be too expensive, arches should be thrown over them. 
In some cases, it is advisable to cover the whole surface of 
the rock with a layer of concrete. 

The load placed on the rock should not exceed the limit of 
safety. This limit is taken usually at one-tenth of the load 
necessary to crush the rock. 

A bed in solid ix>ck is unyielding, and appears at fii-st sight 
to offer all the advantages of a secure foundation. It is found 
in practice, that in large buildings some poj-tions will not rest 
on the rock, but on some adjacent material, as clay or gi*avel. 
Irregularity of settlement will in such cases almost invariably 
follow, and give great trouble. 

383. Compact stony earths, etc. — The bed is prepared 
in soils of this kind by digging a trench deep enough to 
place the foundation below the reach of the disintegrating 
effects of frost. A depth of from four to six feet will gen- 
erally be sufficient. 

The bottom of the trench is made level, both transversely 
as well as longitudinally, and if parts of it are required to be 
at different levels, it is broken into steps. Care should be 
taken to keep the surface water out oi the trench, and, if 
necessary, to have drains made at the bottom to carry away 
the water. 

The weight resting on the bottom of fhc trench should be 
proportioned to the resistance of the material formins: the 
bed. The limit for a firm soil of this class is about twenty- 
five pounds per square inch. 

It is usual, in order to distribute the pi-essure arising from 
the weight of the structure over a greater surface, to give 
additional breadth to the foundation courses ; this increase 
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of breadth is called the spread. In compact stony earth, the 
spread is made once and a half the tliickness of the wall, and 
in ordinary earth or sand twice that thickness. 



n. BEDS IN SOILS OF THE SECOND CLASS. 

384. The bed is prepared in a soil of this kind by dig^'ng 
a trench, as in the previous case, deep enough to place the 
foundation of the structure below the injurious effects of 
frost. Since the scjil is effected by saturation with water, the 
ground should be well drained before the work is begun, and 
the trendies so arranged that the water shall not remain in 
them. And in general, the less a soil of this kind is exposed 
to the air and weather, and the sooner it is protected from 
exposure, the better for the work. 

in this case, as well as in the preceding, it was suppowxl 
that the layer of loose and decayed materials resting on the 
soil in which the bed is to be prepared was of moderate 
depth, and that the thickness of ttie stratum in which the bed 
is made wat* sufficient to support the weight of the structure. 

It sometimes happens that this firm soil in which the bed 
is to be made rests upon another which is compre^ible, or 
which is liable to yield laterally. In such situations, the 
weight of the structure should be reduced to its minimum, 
and should be distributed over a bearing surface sufficiently 
large to keep the pressure on any portion of the bed within 
certain limits. If there is any danger from lateral yielding, 
the bed must be secured by confining the compressible or 
yielding soil so it cannot spread out. This may be done by 
using sheeting piles, or other suitable contrivance. 



in. BEDS IN SOILS OF THE TUIRD CLASS. 

385. In soft earths. — The bed is prepared, as in the other 
cases, by digging a trench sufficiently deep to place the foun- 
dation courses below the action of frost and rain. 

Greater caution, however, must be observed in a case of 
this kind than in any of the proceeding, to prevent any un- 
equal settling. 

The bottom of the trench should be made level and covered 
with a bed of stones, sand, or concrete. 

If stone be used, it is the practice to pave the bottom of 
the trench with rubble or cobble stones, which are well set- 
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tied in place by ramming, and on this paving lay a bed of 
concrete. 

If sand ie used, the sand is spread in layers of about nine 
inches iu thickness, and eacli layer well rammed before the 
next one is spread. The total »iepth of sand used should be 
sufficient to admit of the pressure on the upper surface of the 
sand being distributed over the entire bottom of the trench. 
(Fig. 139.) 





Another method of using sand foi- tins purpose is to make 
holes in the soil or in the bottom of the trench (Fig. 140), and 
fill thera with moist, well packed sand. The holes are about 
six inches in diameter and five or six feet deep. 

Concrete may be used alone in the trench, or spread over a 
layer of stones well rammed in place. In either ease, the 
concrete is spread in layers and rammed to fonn one compact 
mass. Tlie upper surface is levelled off, and the foundation 
coureee begun as soon as the concrete has set. 

A concrete bed is also used when the soil is all sand ; a 
trench is diiff and the concrete laid as just described. 

The pressure allowed on a concrete bed should not exceed 
one tenth part of its resistance to crushing. 

By distributing the weight as nearly as possible uniformly 
over the foundation courses, the dangers of unequal settling 
may be avoided. If the sti-nctiire rests on piers or other sepa- 
rate supports, these supports should be connected by inverted 
arehee, and in tins way the weight is distributed over the 
whole bed. If the weight of the structure varies in its differ- 
ent parts the surfaces of the bed Bh<mld be proportioned 
accordingly, so as to have on each unit of surface the same 
•monnt of pressare. 
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386. In oompressiUe soil. — ^The principal difficultr met 
with ill fonniiig a sufficiently iirin bed in a compressible soil 
arises frr>m the nature of the soil and its vieldinsr in all direc- 
tions under pressure. There are several methods which have 
been used successful It in soils of this kind. 

One method, when the compressible material is of moder- 
ate depth, is to excavate until a firm soil is reached, and then 
prepare the bed as described in the previous examples. The 
great objection to this method is the expense of excavation, 
especiallv when the depth of excavation is considerable. 

A seeond method is to drive piles through the soft soil 
and into the firm soil beneath it. Tlie piles are then cnt off 
at a given level, fastened firmly together by heavy timbers, 
and a platfonn laid \i\xn\ the to]^ of the piles. On this plat- 
form tne foundation courses of tlie stnicture rest. 

A third is to use a modification of the last method. In- 
stead of the piles reaching the firm soil, they are only driven 
in the compressible one. The platform is made to extend 
over so large an area that the pi-essnre on the unit of snrface 
produced by the weieht of the structure is less than the limit 
allowed for this j>articular soil. 

A fourth is also a modification of the second method, and 
differs from the last one in using piles of only five or six 
inches in diameter and five or six feet long. These piles are 
placed as close together as tliev can be driven, and support a 
platf(;nn, as in the second method. The object of the short 
piles is to compress the soil and make it firmer. 

A fifth is to enclose the area to be covered by the stmc- 
ture by sheet-piles. The piles are driven to the firm soil, 
but not necessarily into it. The enclosed area is then covered 
with brush, fascines, or other similar materials, which are 
pressed do\m into the soft soil. When this upper layer is 
sufticiently firm, the foundation is begun. 

Tliis last method can only be used for small structures of 
a tetni)orary nature. The stability of the construction de- 
pends almost entirely upon the power of the sheet-piles to re- 
sist the pressure transmitted to them by the compressible soil 

In general, if the firm stratum beneath the compressible 
soil can be reached by piles of ordinary dimensions, the 
second method is the one preferred, especially in those situ* 
ations in which there is no danger of the piles rotting. 

PILES. 

887. A pile is a large piece of iron or timber, pointed at 
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le end, and driven or forced into the earth to be used genc- 
lly as a support for some structure. Piles ai-e classified, from 
;e material of which they, are made, into vrooden and 
on; from their length, into short and long ; from the form 
I construction, into round, square, and sheet-piles; and 
X)ra the method used to force them nito the earth, into oom- 
lon, Bcrevr, and pneumatic piles. 

388. Short piles. — These piles are usually round, from six 
» nine inches in diameter, and from six to twelve feet long, 
id made of timber, which may be oak, ehn, pine, or other 
litable wood, the particular kind depending upon the 
t)undance of the wood in the vicinity or the work and the 
articular use to which the pile is to be placed. Their ci-oss- 
jction is sometimes a square. Their most general use is 
> compress and make fii'mer the soil in which they are 
riven. 

389. Iiong piles. — These are either round or square in 
poss-section, and have a length of about twenty times their 
lean diameter of cra^^s-section. The diameter of the small 
id should not be less than nine inches. 

They are generally made of timber, the particular kind 
spending upon circumstances similar to those given for the 
lort pile. 

The long wooden pile is prepared for driving by having all 
iiots and rough projections trimmed off, and having the end 
hich is to enter the earth sharpened to a point. 

This point should be kept on the axis of the pile, and the 
larpening, which should extend for a distance equal to once 
id a half or twice the diameter should also be symmetrical 
ith respect to the same line. 

If the ground into which the pile is to be forced is stony 
• very hard, the lower extremity of the pile should be pro- 
icted by an iron shoe. The shoe should be pointed, and may 
3 made of cast iron. 

The head of the pile should be protected from the blows 
sed to force it down. This is usually effected by banding 
le head with a wrought-iron hoop, which is afterwards re- 
loved. Major Whistler's plan was to hollow out the head of 
le pile with an adze, the concavity in the head of the pile 
sing made about one inch deep, and then to cover the head 
f the pile with a thin piece of sheet iron. By this means 
ie piles were driven without injury. 

As a rule, long piles are used to support a weight placed 
pon them. There are two cases, one in which the pile 
-ansmits the load to a firm soil, thus acting as a pillar ; the 
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other is where the pile and the load are wholly supported by 
the friction of the earth on the sides of the pile. 

390. Sheet-piles. — These are fiat piles of rectangalar cixxs- 
section, driven side bv side in a vertical position, or one that 
is nearly so, to fonn a sheet. The nse of this sheet is either 
to prevent the materials enclosed by it from spreading out, 
or to protect them from the undermining action of water. 

Sheet-piles are prepared for driving by having their edges 
fitted, so as to ensure a close contact. Sometimes each pile is 
'* tongued and grooved,'' but this method is hardly ever neces- 
sary, for if the sides of die piles in contact ai-e pai-allel and 
the piles well driven, the swelling of the wood by the water 
will ensure a sufficientlv tight joint. 

The sheet-piles ai-e tept in position while they are being 
driven by restiut; them against horizontal pieces firmly boiled 
to guide-piles. The lower end of the sheet-pile is cnt with 
an inclined edge for the purpose of giving the pile a drift 
towards the one next to it. 

391. Iron piles. — Short, long, and sheet-piles are fre- 
quently made of iron. In man}- situations, iron piles can be 
used to advantage ; it is not pix»bable, however, tliat they will 
ever supersede those made of wood. 

The long iron pile, when solid, is made of wrought iron. 
The best form for those of cast iron is tubular. The iron pile 
is forced into the eaith either bv means of a screw or by the 

Eneumatic process. If a cast iron j)ile is to be forced down 
y blows on the head, a wooden punch must be used to avoid 
tlie danger of the bi-eaking of the cast iron from the blows. 

Sheet-piles of cast iron have been frequently used, especially 
iu cofler-dams. Thev ai*e f i-om fifteen inches to two feet wide, 
half an inch thick, and genei-ally sti'engthened by fiangcs or 
vertical ribs. The joints are made tight by making each pik 
overlap the two adjacent ones. 

The difiiculty of driving iix)n piles so that all their headsshall 
be on the same level is a serious objection to their use in many 
cases. This objection does not apply to then- use in a coffer- 
dam, as it is of no consequence about having the heads of the 
piles on the same level. 

392. Screvr piles. — They are either of wood or iron. GeUf 
erally they are made of iron. The screw blade is ordinarily 
of cast iron, fixed on tlie foot of the pile, and seldom conaBtt 
of more tlian one turn. The diameter and the pitch of the 
screw vary with the nature of the soil and the load to be sup- 
ported. 

The piles are made either hollow or solid. The hoUoW 



piles are of cast iron, from one to three feet in diameter, and 
generally cast in convenient lengths, wliich are afterwai-da 
connected together. Fig. 141 shows a cast-iron pile of the 
ordhiary kind ; it is about two feet and six inches in diame- 
ter. Solid piles are made of wrought iron, and are from four 
to nine iiidtes in diameter. Fig. 142 showe one with a cast- 
inin screw. 

Screw piles are applicable for use in sand, gravel, clay, soft 
rock, and alluvial soils. Thev' can be forcea into very liard 
soils, even into brickwork. To force them into the earth, it 
is nenat to fix ii)K)n the top of the pile a capstan, and to apply 
the power to the levers which turn it, A strong frame-work 
is needed to huld the pile in its place while it is ]>eing screwed 
down. 




393. IMsk piles. — These are iron piles with the base en- 
larged by a bniad disk attached to the foot (Fig. 143). They 
liave been nsod snccessfully hi light sand. 

To sink them, the top is closed except where a tube of 
email diameter ic inserted. Throngli this small tube, water 
is forced at high pressure by a foree-pninp, and as the water 
rushes ont at tliehaseof the pile, the sand is disturbed and the 
pile descends by its own weight. When it hiis descended far 
enough, the pumps are stopped, and the sand selttinjj araiind 
the pile holds it hnoly in position. Great caution eliould l>e 
observed to settle the foot of the pile some distance below the 
aoour, or that point where tliere is danger of the sand being 
disturbed by water or any other cause, 

394. Pneumatio piles. — These are iron cylinders often 
used instead of common piles to reach a firm stratum which 
lies below both water ana a bed of soft material, as in the 
case of a bottom of a river. 

The piles are sunk thi-ough this soft material in two ways, 
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either by exhausting the air from the interior of the cylinder, 
thus pnidncing a pressure on the head of the pile; or hf 
forcing air into the tube, thus driving the water out, so that 
workmen are able to descend to the bottom of the pile and 
remove any obstructions to its settlinji:. The details of these 
methods will be given in another article. 

395. Means used to fbroe comnion piles into the earth. 
— Short, long, and sheet-piles of wood are forced into the earth 
most generally by blows delivered on the heads of the piles. 
The machines used for this mirpose are called " pile-drivers,' 
and are of various kinds. The most common of these consists 
essentially of a large block of iron which slides between two 
uprights, termed giiides or leaders. This block, called the 
ram or monkey, having been drawn to the top of the guides,' 
is let fall and comes down on the head of the pile with % 
violent blow, forcing the pile into the soil. 

The pile-driver may be worked by hand, hoi'Se, or steam 
power. 

The simplest form of pile-driver is the ringing engine. 
In this macliine the ram is attached to one end of the n>pe; 
the rope passes over a pulley, and its other end bmucnes 
out into a number of smaller ropes, each held by a man. 
The men, all pulling together, lift the ram a few feet ; then 
at a given signal all let go, and the ram falls on the pile. 
The number ot men required will depend upon the weight of 
the ram. It is usual to allow about forty pounds to each 
man. 

In the machine commonly used, the ram is raised by the 
power being applied to a windlass. The ram is held while 
being hoisted by tongs or nippers, the handles of which, 
when the ram has been raised to the proper height, come in 
contact with two inclined planes on the guides ; these surfaces 
press the handles of the tongs together, oi)en the tongs and 
let the ram fall. The tongs are so arranged that upon beitig 
lowered they catch hold of the ram by a staple or other con- 
trivance on its upper surface. 

If the piles are to be driven in an inclined position, it is 
only necessary to incline the guides. As a rule, the direc- 
tion of the pile should be parallel to the pressure it has to 
support. 

396. Other machines are frequently used to drive piles. 
The most important one is an application of the steam ham- 
mer. In this driver, the hammer is attached to a piston-rod 
wliich m<nes in a cylinder fixed on the top of a wrought-iroo 
case between the guides. 
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The steam haminer is well adapted for continuons rows of 
ilea, and can be economically used where there are a great 
lomber of piles to be driven, rnd where they are near each 
»ther. 

In the ordinary pile-driver, the pile is driven by a compara- 
ively small mass descending from a considerable height. But 
irith tlie steam hammer, the pile is forced into the earth by 
he rapid blows of a heavy mass, delivered upon a block weiirh- 
iig several tons, placed directly over the head of the pile. The 
)lows are given at the rate of one a second, and the haminer 
ft raised each time only to a height equal to the stroke of the 
piston. 

Various methods have been used in different machines for 
raising the ram. In some cases tlie pressure of the atmosphere 
las been tried with success. In one machine the explosive 
properties of gunpowder are the means used. 

397. If the head of a pile has to be driven below the level to 
R'hicli the ram descends, another pile, termed a punch, is used 
for the purpose. A cast-iron socket of a suitable form embi-aces 
ihe head oi the pile and the foot of the punch, and the effect 
y£ the blow is thus transmitted through the punch to tlie pile. 

The manner of driving piles, and tlie extent to which they 
may be forced into the subsoil, will depend on local circum- 
Uances. It sometimes happens that a heavy blow will effect 
less than several lighter blows, and that piles, after an inter- 
nal between successive volleys of blows, can with difficulty 
:>e started. Piles may be driven in rocky soils and even in 
X)ck itself, if holes are first made whose diameters are a little 
esB tlian those of the piles. In this case the piles should be 
ihod witJi an iron shoe. Careful attention is required in driv- 
ng, for a pile has been known to break below the surface 
uid to contijiue to yield under the blows of the ram by the 
;nishing of the fibres of the lower end. 

The test of a pile having been sufficiently driven, according 
o the best authorities, is that it shall not sink more than 
me-fifth of an inch under thirty blows of a ram weighing 800 
x)uudS) falling five feet at each blow. A more common rule 
6 to consider the pile fully driven when it does not sink more 
hail one-fouith of an inch at the last blow of a ram weigh- 
ng 2,500 pounds, falling 30 feet. 

The least distance apart at which piles can be driven with ease 
8 about two and one-half feet between their centres. If tiie 
)ile8 are nearer than this, they force each other up during the 
Lriving. The average distance is generally about three feet. 

If a pile has to be drawn out, as is often the case, a lever . 
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may be used. The lever being fastened by a chain to the bead 
of the pile, with one of its ends on a firm point of support, 
has the other end mised by the power used in the pile-driver. 
Where tlie i)ile is only partially driven, it maj' sometimes be 
drawn by fastening a chain around the head of the pile and 
attaching it directly to the nippei*s. 

398. Load on piles. — The rule in practice for a safb lo»-i 
on piles, is to aHow in the case of the jnle transmitting tV'i^ 
weijjht to a firm soil, 1,000 j)0unds on the square inch of tl »c 
head ; where they resist wholly by friction on the sides, oi» ^' 
fifth of this, or 200 pounds. Captain Sandere' rule was ^ :^' 

L 

pressed by the fonnula, W = |^Tl x -, in which W is tL ^® 

(Jv 

safe load, R the weight of the ram, both in pounds ; h the dF *" 
tance of the fall of the ram, and d the penetration, botli in feer^ ^ 

399. Preparation of bed in compressible soil, usin ^ 
oonunon "wooden piles. — The use of the piles is to transiu "^^^ 
the pressure to the firm soil beneath. 

The jules having been driven, their heads are sawed off 
a given level and the whole system is firmly connected t< 
gether by longitudinal and cross pieces notched into eac 
other and bolted to the piles. On these piles a platform i 
laid ; or the soft earth around tlie top of the piles is'&coo}: 
out for five or six feet in depth, and this space filled witl 
concrete. 

If a platform is to l)e used, it is constructed as follows^ 
A large beam, called a capping, is first placed on the heads- 
of the outside rows of piles and is fastxiued to them by iivii 
bolts, or wooden })ins termed treenails. Sometimes an occa- 
sional tenon is made on the i)iles, fitting into a corresix>nding 
mortise in the ca}>ping. Other beams are then laici resting 
on the heads ui the intermediate piles, with their extremities 
on the cappings, and are then bolted firmly to the piles 
and cappings. Another set of beams are laid at right angles 
to these, and are bolted to the piles. Where the beams cr^iss 
each otlier, they are both notched so as to have their upper 
surfaces in the same plane. The beams which have their 
lengths in the direction of the longer sides of the stracture 
are known as string pieces, and the other set are termed 
cross pieces. 

A platform of thick planks is laid upon the upper surface 
of the beams and is spiked to them. 

The capping-s are sometimes of larger size than the other 
beams, in which case a rabbet is made in the inner edge so as to 
have the platform flush with the upper surface of the capping. 




SBILLAOB Ain> FLATVOBU. 



The whole ooqatrnctitm U called a grillage and platfitrm. 
(Fifr 144.) 




te. 144— Beprmenti » grillage 
and platfona Btl«d on pUoi. 
mwonry. 
a, pileB. 
Btring pieoe& 
cron pieces, 
capping piece. 
pl^oim of plank. 



400. Wlien the firm stratiirn iiif> whiuh the pilee have been 
«}riven uDderlies a Boil bo Boft that there is doubt of the lateral 
stability of the piles, the soft eiiil shoald be Buoopod away and 
stones should be thrown between and around the pilee to iii* 
e their stiffiiese and etability. (Fig. 146.) 




FlO. 143— BapraaMita Uw manner of 
Diiiig looM Hone to aiutain pile* and 
prevent then from fielding laterally. 

A, Mction of 1^ nuMonrj, 

9, looae atone tlinnrn kroand the pibn. 



401. If the utDfttion be such that deray in the timV>f:r in to 
be expetited, the more costly method of excavatirjn munt l<e 
adopted. 

The practical difficulty met whoi trcuchiug in mch cases, U 
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the presence of water in such quantities as to seriously impede 
tlie work, even to the extent often of failure. 

Pumps are used to keep the water out, and it may even be 
necessary to enclose the entire area by a sheet-piling. lu 
this case, two rows of sheet-piles are driven on each aide of 
tlie space to be enclosed, through the soft material and into 
the firm stratum beneath. The soft material betweeu the rows 
is then 6cc>oped out, and its place filled with a clay paddling, 
formin^^ a water-tight dam around the si)ace encloseo. If the 
water i^omes from springs beneath the dam or from within 
the area enclosed, this method will fail, and it may be ueccs- 
sary to resort to some of the methods used for laying founda- 
tions under water. 



CHAPTER XU. 

FOUNDATIONS IN WATER. 

402. Two practical difficulties meet the engineer in pre- 
paring beds of foundations under water. One is to make the 
necessary arrangements to enable the workmen to prepare 
the bc<l ; and the necond^ having prepared the bed, to secure 
it jigaiiibt the deteriorating effects of the water and to preserve 
its stability. 

Preparation of the bed. — The situation in which the bed 
is to be prepared may be either of two kinds : one is where it 
may be prepared without excluding the water from the place; 
and the other is where the water must be excluded from the 
area to be occupied before the bed can be made. 



PRBPARATION OF BBD WrTHOUT BXCLUDINO THB 

WATER. 

403. Ck>norete beds. — A bed of concrete is frequently used 
in water. To prepare the bed, the upper layer of loose, soft 
soil is removed by a dredging-machine or by other means, and 
the site is made practically level. The concrete is laid within 
this excavation. A conduit made of wckmI or ii-on, or a box 
or contrivance which opens at the bottom when lowered in 
position, may be used in laying the concrete. 
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A cylindrical conduit of boiler iron, made in sections of suit- 
able lengths which can be successfully fastened on or detached 
as the case requires, has been used with success. The lower 
end of the conduit has the form of a frustum of a cone. The 
wliole ari-angeinent is lowered or raised and moved about at 
plea8ui*e by means of a crane. The concrete is placed in the 
conduit at the upper end, and by a proper motion of the crane 
is spread in layers as it escapes from the lower end. By lift- 
ing and dropping the apparatus the layers can be compressed. 

Bags filled with concrete have been used, with a moderate 
degree of success, for the same purpose. 




Fig. 146. 



The object to be attained is to get the concrete placed in 
position in as nearly as possible the same condition as when it 
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is made. If it be allowed to fall some distance through water, 
or be placed in a strong current, the ingredients of the con- 
crete are liablq to be separated. 

Where the site is in flowing water, it is often necessary to 
provide some arrangement which, by enclosing the area of the 
bite, will cahn the water within the enclosure, and will thus pre- 
vent its injurious effect upon the fresh concrete before it has set^ 

404. The arrangement shown in Figui'e 146 was used for thi» 
purpose. It consisted of a framework composed of uprights 
connected together by longitudinal pieces in pairs; each pair* 
being notched on and bolted to the uprights, leaving an interval 
through which sheet-piles were inserted. The sheet-piles 
were driven into close contact with the bottom, which was 
rock. The frame was put together on the shore and then 
floated to its place. It was secured in position by inserting 
the uprights in holes drilled in the rock. The sheet-piles 
c, c\ were then inserted between the horizontal pieces ^, J', 
and rested on the bottom. The whole area was thus en- 
closed bv a wooden dam, within which the water was quiet. 
The conc^rete was then laid on the bottom of the enclosed 
space. To prevent the sides of the dam from spreading out 
iron rods d, rf, d\ d\ were used to connect them. 

405. Bad3 made of piles. — Common wooden piles are fre- 
quently used to forma bed for the foundation courses of a 
structure. Thev are driven throncrh the soft soil into the 
firm stratum beneath, and are then sawed oS on a level at or 
near the bottom. On these are laid a grillage and platform 
or otliL^r suitable arrangement to receive the lower coui-ses. 
Where the b(>ttom is suitable for driving piles, and there is 
no danger of scour to injure their stability, this inetluxl is 
economical and eSicient. The foundation courses must be 
placed ill position by some submarine process, as by the use 
of a diving-bell, or by means of a caisson. 

406. Gommon caisson. — This caisson (Fig. 147) is a water- 
tio-ht box, whose sides are ordinarily vertical, and which ai'e ca- 
pable of being <letached after the caisson has been sunk in posi- 
tion. The bottom of the caisson, as it is to form a part or the 
foundation of the structure, is made of heavy timbers, and 
conforms in its construction to that of a grillage and platform. 

The size of the timbers for the bottom is determined by the 
weight of the structure which is to rest on them, and for the 
sides, upon the amount of pressure from the water when the 
caisson rests on its bed. 

The sides are generally made of scantling, covered with 
thick ])lank. The lower ends of the scantling or uprighte lit 



into sliallow mortieee made in the cap pieces nf the grillage. 
Beaind are laid acroes the top of the caiaaon, notched upon the 
sides and projeuting beyond them. These cross pieces are 
coiHiected with the lower beams of the grillage by long iron 
bolts, which have a hook and eye joint at the lower end and a 
nut and screw at the upper. After the bolts are unscjewed 
at the top, they can be uiih(X)ked at the bottom, the cross 
beams raised, and tlie sides of the caisson detached. 



r of I 



The 



boards are let into groovei 
in th« veitioal piecM in- 
ttead of being nailBil to 
them on the exterior. 

a, bottom beams let into 
grooves in the capping. 

b, aqnore npiighls to sustain 
the boards. 

e. orosa pieces Testing on i. 
d, lion rods fitted to books at 

bottom and nnts at top. 
«, longitadinal beams to staj 



A. s< 



.noftt 




In a caisson which was nsed in bnilding a bridge pier, the 
exterior dimensions of the principal parts were nearly as fol- 
lows : • 

The caisson was 63 feet long, 21 feet wide, and 15 feet 
deep. The cross beams on top were made 10 inches square 
in croas-section, and were placed abont three feet apart ; the 
nprights were of the same size as the cross pieces, and were 
placed about six feet apart. 

Much larger caissons have been nsed, especially in some of 
the engineering constructions in England. 

The caisson ia built at some convenient place where it can 
be lannched and towed to the position it has to occupy. The 
bed having been prepared by levelling ofE the bottom or mak- 
ing one of piles, the caisson is floated to and mooi-ed over the 
spot. The masonry conrses are then laid on the bottom of 
the caisson, and are built up until the caisson rests on its l>ed. 
Just before it reaches the bed, it is sometimes settled in plaoe, 
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by admitting water into the interior, and an examination 
nmde as to it8 pi'oper position. If it does not occupy ita 
proper place, and there is a desire to change the position of 
tlie caisson, the gates by which the water was admitted are 
shut and the water is pumped out. The removal of the water 
will allow it to float and a rectification of its position may 
then be effected. 

The caisson having been satisfactorily settled in positioD, 
the masonry is built above the surface of the water, and the 
sides are then detached and removed. 

Caissons are frequently used whose sides are not detached. 
This is especially the case where the sides are of a permanent 
character. These might be termed permanent caissons. 

407. Permanont caissons. — Caissons built with brick 
sides and timber bottoms were used to construct the sea-wall 
at Sheerness, in England, in 181 1-12. After being sunk, they 
wei*e filled with concrete. 

Rankine mentions a kind that are built wholly of bricks 
and cement, and which are filled with concrete after being 
sunk in place. 

408. Diving-apparatus. — The bed may be prepared as on 
dry land, provided some apparatus be used which will admit 
of the workmen executing their labors notwithstanding the 
presence of the water. Submarine or diving armor and diving- 
bells are devices which are frequently used for this purpose. 

L Submarine armor. — This is an apparatus to be used by 
a single pel^on, and consists essentially of a metallic helmet 
from which the water is excluded by atmospheric pressure. 
The helmet encloses the man's head ; rests upon his snouldew 
and is connected with an air and water-tight dress which he 
weai-s. lie is supplied with fresh air forced through a flexible 
tube entering at the back of the hehiiet ; a valve opening out- 
wards allows the foul air to escape. To enable him to see, 
tilie helmet is provided with eye-holes protected by strong glass. 

II. Diving-bell. — The form of diving-bell, commonly used, 
is that of a rectangular box with rounded corners. Holes 
protected by strong glass about two inches thick are made in 
the top to admit light into the interior. Fresh air is forced 
through a flexible tube into the bell by means of air-pumps. 
The bell is raised and lowered by means of a crane and 
windlass. 

A bell, whose dimensions are four feet wide, six feet long, 
and five feet high on'the inside, is of convenient size for lay- 
ing masonry under water. 

ihe diving-bell has been much used in laying submarine 
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Potmdations where there was no scour and where the bed was 
easily prepared. 

409. Pierre perdue.-— The methods jnst given are appli- 
cable to structures of moderate dimensions, but when the area 
occupied by the bed is very considerable, these methods are 
either inapplicable or require modifications. One known by 
the Frencn as pierre perdue has been frequently used. It 
consists in forming an artificial island of masses of loose stone 
thrown into the water, and allowing the stone to arrange them- 
selves. This island is carried up several feet above the sur- 
face of the water and the foundations are built upon it. 

The structure should not be commenced until the bed has 
fully settled. If there is any d<»ubt about this, the bed should 
be loaded with a trial weight, at least twice as great as that of 
the proposed structure. 

This method can not be used in navigable rivers or other 
situations where it is of greater importance not to contract 
the water-way. 

410. Sore"^^ piles. — Iron sci-ew piles have been used with 
success *or foundations in localities where the methods already 
mentioi^ed were not practicable. They do not difl^er, in prin- 
ciple, from the common wooden pile. Iron piles last well 
both in fresh and salt water; whereas wooden piles can not 
be relied upon at all in salt water, and they will not last in 
fresh water unless entirely submerged. 

Iron screw piles have been much used, in the United States, 
in the construction of light-houses on or near sands^its at the 
entrance of our harboi^s and on shoal spots off the coast, where 
it would be almost impossible to prepare the beds by any of 
the other more usual methods. 

411. Well foundations. — In India, a method known as 
well or blook foundations has been quite extensively used, 
especially in deep sandy soils. The method consists in sink- 
ing a number of wells close together, filling them with 
masonry, and connecting them together at top. 

The method of sinking one of these wells is to construct a 
wooden curb about a foot in thickness ; its cross-section 
being the same as that of the well, and to place it in position 
on the proposed site. On this curb a cylinder of brickwork 
is bwilt to a height of about four feet As soon as the mortar 
has set, the sand is scooped out from under the curb, and it 
descends, carrying with it the masonry. When the curb has 
Mettled about four feet, another block or height of masonry is 
added, and again the sand is scooped out from under the 
c;arby and the whole mass descends as before. This process 



296 CIVIL ENGINESRIVG. 

is then repeated and carried on nntil the curb has reached the 
required depth. Care must be taken to regulate the excava- 
tion so that the cylinder shall sink vertically. 

From the very nature of the soil, water is soon met As 
long as the water can be kept out either by bailing or hj 
' pumping, the work proceeds with rapidity. If the water 
comes in so fast that it cannot be exhausted by these means, 
the sand must be scooped out by means of divers or by some 
other method. Under these circumstances the excavation 
proceeds slowly and with difficulty. 

When the curb reaches a firm stratum, or a depth where 
there is no danger of the foundations being affected by the 
water, the bottom is levelled, a concrete bed made, and the 
interior of the cylinder filled in solid with masonry. If the 
concrete bed is made without exhausting the water, the latter 
is pumped out as soon as the concrete sets, and the masonry 
is then built in the usual manner. 

Cylinders of boiler iron have been used in the same way as 
the masonry curbs, and are an improvement upon them. 

412. Iron tubular foundations. — This is a general name 
applied to large iron cylinders which are sunk through water 
and a soft bottom to a firm soil, and used to support a given 
structure in the same manner as common piles. The nninber 
and size of the tubes depend upon the weight to be supported 
and the means adopted to sink them. 

The method just described for the well is frequently nsed 
for the iron tubes. Brunei, the English engineer, in building 
the Windsor Bridge, on the Windsor branch of the Great 
Western Railway, employed this method in constructing the 
abutments of the bridge. Thei'e were in each abutment six 
cast-iron cylinders, each six feet in diameter, and they were 
sunk to the proper depth by excavating the earth and gravel 
for the interior with dredges and by forcing the cylinders 
down by weights placed on the top of each one. 

The concrete bed in the bottom was made by lowering the 
concrete in bags, which were arranged so that by pulling * 
rope the bags were emptied under the water in the pi-oper 
place. When a sufficient quantity had been put in and had 
hardened, the water was pumped out and the cylinders filled 
in the usual manner. 

This method does not differ in principle from a foundation 
on piles, and the same general rules apply as to the amount of 
load to be supported and the depth to wiiich the pile is to be 
driven. 

In some cases a clump of common piles was driven within 
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the cylinder at the bottom, and the spaces filled with concrete. 
In some of the recent constructions the piles extend to the top 
of the cylinder. 



FRJESPARATION OF BBD, THB WATBR BBINQ BXOLXTDBD. 

413. There are two cases : where the water is excluded by 
means of a dam, and where it is excluded by atmospheric 
pressure. 

I. EXCLUSION OF WATER BY DAMS. 

• 

The dams used are the common earthen or day dam, the 
common oofibr-dam, and modified forms of the coflfer-dam. 

4rl4. Earthen dam. — In still water not more than four 
feet deep, a dam made of earth or ordinary clay is usually 
adopted to enclose the given area and to keep out the sur- 
rounding water. This dam is made by digging a trench 
aronnd tlie area to be enclosed and removing the soft material 
taken out ; the earth or clay is then duuiped along the line of 
this trench initil it rises one or two feet above the surface of 
the water ; as the earth is dumped in place it should be firmly 
pressed down, and when practicable, rammed in layers. Any 
good binding earth or loam will be a suitable material for the 
dam. 

The dam being finished, the water within the enclosed area 
is pumped out, and the bed and foundations constructed as 
already prescribed for those " on land.'' 

415. Coffbr-dam. — Where the water is more than four feet 
deep, and especially if in running water, the common earthen 
dam would be generally too expensive a structure, even if it 
could be built. In a case of this kind, and where the water 
does not exceed twenty-five feet in depth, the common coflfer- 
dam is usually employed. 

The common coffer-dam (Fig. 148^ is essentially a clay 
dam, whose sides are vertical and retained in position by two 
rows of piling. 

The common method of constructing the coflfer-dam is to 
drive two parallel rows of common piles around the area to 
be enclosed ; the distance between the rows being equal to 
the required thickness of the dam, and the piles in each row 
being placed from four to six feet apart. 

The piles of eacli row are then connected by horizontal 



beams, called string or wale pieces, which are notched on 
and bolted to the piles on the outside of each row, about one 
foot above the highest water mark. On the inside of the 
rows, and nearly opposite to the wale pieces, are placed Btrinff 
pieces of about halt the size, to serve as guides and supports 
to tlie sheet-piles. 



Via. 148-BapnMili 
> Boctioii of ■ 
coffei-di 




The two rows of piles are tied together by cross pieces 
notched on and bolted to the outer wale pieces. Upon these 
cfi Bs piec^es are laid plaiika to form a scaffolding for the 
workmen and llieir tools, etc. 

The sheet-piles are driven in jiixtapoaitinn throogh thewft 
soil and in contact with the firm soil beneath. They bta 
about four inches thick and nine inches wide, and are spiked 
to the inner string pieces. Sometimes an additional piece, 
known as a ribbon piece, is spiked over the slieet-piiee. 

These rows of sheet-piles form a oofibr for the puddling, 
whence the name of tlie construction. The sheet-piles having 
been driven and secured to the string pieces, the rand »no 
soft material between the rows are scooped or dredged out 

The puddlinjr which forme the dam is then thrown in and 
pressed cf>ni|iactly in place, care being taken to distnrbthe 
water as little as possible during the operation. When the 
top of the puddling rises to its required height, pmnps »« 
used to exhaust the water from the enclosed area. Tne in- 
terior space being free from water, the bed of the foiindatioB 
isprepai-ed as on dry land. 

The puddling is composed of clay mixed with BWiilof 
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fl^vel, or of fine gravel alone, freed from all large stones, 
roota, or foreign material which ma)^ be mixed with it. The 
clay is worked into a plastic condition with a moderate 
amount of water, and then mixed thoroughly with a given 
quantity of sand or fine gravel. Care is taken that there are 
no lamps in tlie puddling after the mixing. 

The dam is given the required strength ordinarily by 
making the thictness equal to the height of the dam above 
the ground or bottom on which it is to rest, when this 
height does not exceed ten feet. For greater heights the 
thickness is increased one foot for every additional height of 
three feet. 

This rule gives a greater thickness than is necessary to make 
the dam water-tight, but adds to its stability. The stability 
of the dam is sometimes still further increased by supporting 
the sides of the dam b}'^ inclined struts, the upper ends of 
which abut against the inner row of common piles, and the 
lower ends against piles driven for that purpose into the 
ground. 

41f). The principal difficulties met with in constructing a 
cofFer-dam are as follows : 

First J To obtain a firm hold for the common piles; a dif- 
ficult thing to do in deep muddy or rocky bottoms ; 

Second^ To prevent leakage between the surface of the 
ground and the bottom of the puddling ; 

Third. To prevent leakage through the puddling; 

Fowrtk^ To exhaust the water from the enclosed area after 
the dam is finished. 

These difficulties and the expense of construction of the 
dam, increase very greatly with the depth of the water. In 
deep water, the size and length of the piles and the amount 
of bracing required to resist the pressure of the water render 
the expense very great. 

Commcm piles can not be efficiently used where the bottom 
is rocky. In a case of this kind, the following construction 
was snccessf ully used : 

Instead of the common piles, two rows of iron rods were 
used. These rods were "jumped" into the rock, a depth of 
fifteen inches. The sheet-piles were replaced by heavy planks 
which were laid in a horizontal position and fastened to the 
rods by iron rings. This method of fastening allowed the 

Elanks to be pushed down until each one rested on the one 
elow it ; the plank resting on the bottom being cut to fit the 
surface of the rock. 
The frame was strengthened by bolting string pieces of 
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timber in pairs on both of its sides and by using inclioed 
stmts upon the interior. 

The puddling was of the usual kind and was put in the 
dam in the way ah'eady described. 

417. It will be very difficult to avoid leakage between the 
bottom of the puddling and the soil on which it rests unless 
the stratum of overlying soft soil be removed. It is therefore 
recommended for important works that a part of the dredging 
for this purpose be done before the common piles are driven. 

Leakage through the puddling is mostly due to poor work- 
manship. If the sheet-piles are fitted and carefully-driven, 
and the puddling is free from lumps and thoroughly mixed, 
leakage through the dam should not occur. It is not advisa- 
ble to have bolts or rods passing through the dam, as leakage 
almost invariably takes place through the holes thus made. 
Fine gravel alone has been proved in some cases to be a better 
material for the filling than ordinary puddling. 

Leakage due to springs in the bottom of an enclosed area 
is the great source of trouble, and in some soils is stopped 
with much difficulty. It may be necessary to fill in the whole 
area with a bed of concrete, ajid after it has set to pump out 
the water. 

418. The water having been pumped out, th^ enclosed 
space is drained into some convenient spot in the enclosnre, 
and arrangeujents are made to keep the interior dry. The 
bed having been prepared, the masonry is then built to the 
proper height. When it is above the surface of the water, 
the dam may be removed, and as there is danger of disturbing 
the bed if the piles were drawn out, it is customary to cut 
them off at some point below the water line, letting the lower 
ends remain as driven. 

419. Gaieson dams. — This name was given to a cofiFer-dara 
in which tlic outer row of common piles was replaced by 
structures resembling caissons, which were sunk and ballasted 
to keep them in position along the line which would have 
been occupied by the common piles. 

The character of the bottom and the nature of the sti'cam 
were such tliat common piles could not be used for the dam. 

The caisson (Fig. 149) was a flat-l)Ottomed boat, which hav- 
ing been floated to its place was sunk gradually, by the ad- 
mission of water, until it rested on the bottom. A row of 
common piles was then placed in a vertical position against 
eacii side of the caisson and lowered until they rested on the 
bottom. They were then bolted in that position to the sides of 
the caisson. ^Fhe caisson was then heavily loaded with stones 
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Mid otlier weiglity raateri&lB, antil a considerable weizht rested 
i>i) the piles. It is observed, that instead of the piles being 
held fast by being driven into the ground, they are held in 
place b; the sunken boat, and the whole aiTangement takes 
the place of the outer row of pilea in the common coffer-dam. 




D, fanndoCion 



of the pier 



To complete tlie dam, a row of poets, parallel to the inner 
row of piles, resting on tlie bottom and connected by a frame- 
work with the caissons, took the place of the inner row of 
piles in the common coEFer-dam. 

The Bheet-piles were required only on the one side, the 
BJdee of the caissons bein" siiflicient on the other. They wei-e 
laid in a horizontal position, as shown in the figure. The 
puddling was in all respects the same as that described in the 
previous cases. 

The masonry being finished, the loads were removed from 
tlie caissons. Tliey were then pumped dry and the dam re- 
ini>ved. 

420. Crib.work dam. — A dam in which a crib ballasted 
with stone takes the place of the common piles, has been used 
with snccesB. 

In the example (Pig. 150), the cribs were built by laying 
the logs alternately lengthwise and crosewise, and fastening 
them together at their intersections by notching one into the 
other and pinning them. 
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Od eadi crib a platform was laid about midway between 
tlie top and bottom, on whicli the stone was placed to eiok the 
crib. The eriba were floated to the place they were to occsp; 
and Bunk gradually bj loadings atone on the platform. After 
they had been fally settled in their place, more BtoueG were 
piled ou until tlio required Btability was seunred. 




FlO, 150 — Represeata a 



tr of crilM. C,* poddlisg. 



Both of the preceding methods were used in coustructii '; 
the piers and abutments of the Victoria Bridge, over iKn 
Saint Lawi-enco, at Montreal. A rocky bottom, covered wi'^ 
boulders, prevented tlie driving and tlie use of the eoramoD 
pile as in the ordinary method. There was al^o in the rivei' t 
swift cun-ent, which in the spring of the year brought doivB 
lai^ quantities of ice, the effeat of which would have been 
t^) have destroyed any ordinary oaisson or common coffer-dam. 

It is Been that these dams du not differ in principle from 
the common coffer-dam, and that the modifications^incBuh 
case consisted in finding for tlie common pile a sobstitutt! 
which would be stronger and equally effective. 



421. In recent years, the use of compressed air has been ex- 
tensively adopted as a means for excluding the water from the 
site of a proposed work, while the bed was being prepared. 

There are two general methods of its application ; in the 
pneumatic pile and in the pneumatic caisson. 

422. Paeumatio piles, — Pneumatic piles are hollo# rerti 
cal cylinders of cast iron, from six to ten feet in diameter, 
intended to be forced through soft and compressible mtierial) 
to a firm soil beneath, and to be then entirely filled witli 
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masonry or concrete or other solid mftterinl. Bankine classes 
them under the head of iron tabular foundations. 

Their general construction and the mode of sinking tlicm 
in the soil are shown in Fig. 151. 



Fra. IS] — Bapiweatfl Tertioal oeo- 

Cftm of • pneumatdo pile. 
A> bodj of oylindei. 

B, the beU. 

C, elevation of air-lock. 

D, vertical section of air-lock. 

E, water discha^e pipe. 
M, windlaM on inside. 
N, windlan on the top. 

0, 0, Iniaketa aaoending and de- 




W,W, iron weight!. 



In this example, shown in the figure, the cylindei-s were 
cast in lengths of nine or ten feet, with ilanges on the interior 
at each end. Those pieces were nnited by screw bolts passing 
through holes in the flanges, the joitits lieing made water- 
tight either bj an india-rubber packing or by a cement made 
of iron turnings. 

To sink a pile of this kind, a strong scaffolding is erected 
over the site, and from which the lengths of the cylinders can 
be lowered and placed in position. On this scafftild a steam- 
engine is ordinanly placed, and furnishes the power required 
during the operation. 

The lower edge of the lowest section of the cylinder is 
sharpened so that it may sink more easily through the soil. 
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The upper section, termed the **bell," is usually made of 
boiler iron, with a doine-8haj>ed or flat top. An " air-lock" in 
used to pass the men and materials in and out of the cylinder. 
In this example there were two air-locks, which were placed 
in the top of the bell, as shown in the figure. Each lock had 
at the top a trap door which opened downwai-ds, and at the 
side a door whicn opened into the interior of the pile. Stop- 
cocks were provided in each, communicatuig with the ex- 
ternal air and the interior of the pile, respectively; they 
could be opened or closed by pej'sons inside the tube, within 
the lock, or on the outside. 

The bell was provided with a supply pipe for admission of 
compressed air, a pressure gauge, a safety valve, a large escape 
valve for discharging the compressed air suddenly when 
necessary, and a water-discharge pipe about two or three 
inches in diameter. 

Windlasses placed within the cylinder and on the outside, 
as seen in the figure, were used to hoist the buckets employed 
in the excavation 

The first operation in sinking the pile was to lower the 
lowest section, with as many additional lengths united to it as 
were necessary to keep the top of the cylmder two or three 
feet above the surface of the w^ter, until it rested on the 
bottom. The bell and one additional length were then bolted 
to the top of the pile. 

The weight of the mass forced it into the soil at the bo^ 
tom of the river a certain distance, dependent upon the na- 
ture of the soil. As soon as the pile stopped sinking, the air 
was forced in by means of air-pumps worked by the steam- 
engine, until all the water in the tube was expelled. Work- 
men, with the proper tools, then entered the cylinder by 
means of the air-locks. 

To get into the pile, the men entered the lock, closed all 
communications with the external air, and then opened the 
stop-cock communicating with the interior of the pile; in a 
few minutes the compressed air filled the lock, the men opened 
the side door and thus effected an entrance into the interior. 
To pass out it was only necessary to revei^se this operation. 

The gearing of the noistiiig apparatus was so arranged thai 
the buckets, when filled, were delivered alternately into the 
locks, and were then hoisted out by the windlass on the out- 
side. 

Care was taken to guard a^inst the uplifting force of the 
compressed air within the pile. In the above example, a 
heavy weight, composed of cast-iron bars resting on brackets 
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Attached to the outside of the bell, was used to resist this 
action. 

The workmen having descended to the bottom of the pile, 
excavated the material to the lower edge ; they then took off 
the lowest joint of the water discharge pipe and carried it 
and their tools to the bell, and passed out of the lock. The 
valve for admitting compressed air was then closed and tlic 
large esc^e valve opened, allowing the compressed air to 
escape. The cylinder being deprived of the support arising 
from the compressed air, sank several feet into the soil, the 
distance depending on the resistance offered by the soil. 

When the pile had stopped sinking, the Osscape valve was 
closed, the air forced in, and the operations just described 
continued. Great care was taken to keep the pile in a verti- 
cal position while sinking. 

The pile, having reached the required depth, was then filled 
with concrete. 

The usual method of filling the pile is to pei'form about 
one-half of the work in the compressed air and then remove 
the bell and complete the rest in the open air. In filling witli 
conci'ete, it should be well rammed under the flanges and 
around the joints. 

423. This description of a pneumatic pile, just given, is 
that of one of the piles used in the construction of a bridge 
over the river Theiss, at Szegedin, in Ilungary. 

The river, at this ])oint, has a sluggish current with a gra- 
dual rise and fall of the water, the difference between the 
highest and lowest stages of water being about twenty six feet. 
The soil of the bottom is alluvial, com{X)sed to a great depth 
of alternate strata c>f compact clay and sand. 

The piles were sunk to about thirty feet below the bottom of 
the river, which latter was about ten feet deep at low water. 

The excavation was carried down to within six feet of the 
bottom of the pile. Twelve common piles of pine were then 
driven within the cylinder, extending to a depth of twenty 
feet below it. The concrete was then thrown in and rammed 
in layers until its upper surface was on a level with that of 
ordinary low water. 

The air-locks were about six feet and a half high and two 
and three-quarters in diameter. 

424. In the first uses of the pneumatic piles, the cylinders 
were of small size, as many being sunk as were required to 
support the load, as in the use of common piles. 

They were sunk into the soil by exhausting the air from 
the interior. The result following this removal of air was that 
20 
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the earth immediately under the pile was forced together with 
water, into the inside of the cyhnder, and the pile sank into 
tlie opening thus made, both under its own weight and the 
pressure of the atmosphere. 

This process is known as Dr. Pottos, and is well adapted to 
soft or sandv soils, when free from stones, roots, pieces of tim- 
ber, etc. T^he presence in the soil of any obstacle which the 
edge of the tube cannot cut through or force aside, renders 
this method impracticable. 

The next step was to increase the size of the pile, and in- 
stead of exhausting the air, to fill it with compressed air. 
The top being (tlosed and the bottom open, all fluid matter 
was driven from the interior of the pile by the compressed 
air. By means of air-locks on the top of the cylinder, work- 
men were enabled to descend and remove the soil and ench 
obstructions as prevented the pile from sinking. This pro- 
cess is generally known as " Triger's.^' 

The air being compressed in the interior of the pile, the 
weight (»r the pressure downward was much lessened. To 
inciease the pressure a weight was placed on the pile. 

Although many improvements have been made in the de- 
tails, the arrangements just described illustrate the general 
outline of all the pneumatic methods in use. 

425. Pneumatic method used by Mr. Brunc). — ^The first 
improvement in the pneumatic method was that used by Mr. 
Brunei in preparing the bed for the centje pier of the li'ytt' 
Albert Bridge, at Saltash, England, 

This improvement consisted in confining the conipi'essed 
air to a chamber at the bottom of a cylinder, the r» ji (»f ^^^^ 
space inside of the cylinder being open to tlie air. The air 
cliamber communicated with the outside air by means of a 
tube, six feet in diameter, with air-locks at the upper end. 
Outside of this tube, was another tube, ten feet in diameter, 
connecting the dome with the outside air. (Fig. 152.) 

A dome, about 25 feet high, was built in the lower portion, 
so arranged that the top of the dome should be above the 
mud when the cylinder rested on the rock. 

The chamber for the compressed air was annular, foQf 
feet wide, twenty feet high, was built around the inner cir- 
cumference of the lower edge and was divided into eleven 
compartments by vertical and radial partitions; apertures 
in the partitions afforded communications fi-om one to the 
other. An air passage at the top of the compartments con- 
nected them and to the vertical tube of six feet diameter, be- 
fore alluded to. 
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Tlie cylinder was lowered into the water exactly over the 
place it was to occupy. As soon as it stopped sinking, the 
annular chamber was shut off from the rest of the dome, the 
air forced in, the water driven out, the workmen descended 
and dug out the mud and loose soil under the edge. 




1 



Pie. 152 — Bepresents a longitadinal seotioii 
through the axis of the cylinder. The 
cylinder was 37 feet in diameter, about 
100 feet high, made of boiler iron, and 
weighed nearly 300 tons. The rock on 
which it was to rest was about 90 feet 
below the surface of the water, overlaid 
with about 20 feet of loose sand and mud. 
The rock surface had a slight slope, to 
which the bottom of the cylinder was 
made to fit 





Wlien the rock was reached, a level bed was cut in its sur- 
face and a ring of masonry built. The water was tlien pumped 
out of the main tube and the masonry begun on the inside. 
Ab the masonry rose, the partitions, shaft, and the dome were 
removed. When the pier was above the surface of the water, 
the upper part of the cylinder, about fifty feet in length, was 
unbolted and taken away, it having been made in two sections 
for this purpose. 

As the volume of the annular chamber in which the com- 
pressed air was used was smalt in comparison with the vol- 
ume of the main cylinder, no extra weight was needed to 
balance the upward pressure. 

The above is a good example of the pneumatic process 
combined with the principle of the coffer-dam. 
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426. Pneumatic caisson. — The next important modifica- 
tion in the pneumatic method was to combine the principle 
of the diving-bell with that of the common caisson. This com- 
bination is known as the pneumatic caisson and furnishes 
the means now most commonly used in situations like that at 
the Saltash bridge, and especially where the foundations have 
to support a great pressure. 

It consists essentially of three parts: Ist, The caisson; 
2d| The -working chamber ; and 3d, The pneumatic ap- 
paratus and its communications with the working chamber. 

Gaissoa. — This does not differ in its principles of construc- 
tion from the common caisson already described. The bottom 
is of wood or iron, made strong enough to support the etrnc- 
ture with its load, atid forms the roof of the worting chamber. 
The sides are generally of wrought iron, and are not usually 
detached from the bottom when the structure is finished. 

Working chamber. — This is below the caisson, andasjnst 
stated, the bottom of the caisson is the roof of the chamber. 
Its sides are firmly braced to enable it to resist the pressure 
from both the earth and water as it sinks into the ground. 
The chamber is made air and water tight. 

Pneumatic apparatus and communications. — ^Yertical 
shafts, either of iron or masonry, passing through the roof of 
the chamber furnish the means of communication between 
the working chamber and the top of the caisson. The air- 
locks may be placed in the upper end of the shaft, as in the 
pneumatic pile, or at the lower end of the shaft where it con- 
nects with the working chamber. 

The usual supplj^ pipes, air pumps, discharge pipes, etc., are 
required as in tlie other pneumatic methods. 

Sinking the caisson. — It is moored over the place it is to 
occupy and is sunk gradually to the bottom as an ordinary cais- 
son. Air is then forced into the working chamber, driving 
out the fluid matter; the earth and l()(»se material are then dng 
out, while the caisson settles slowly under its own weight and 
that of the masonry until it rests on the firm soil or solid rock. 

An outline description of some of the caissons recently 
used will more fnlly illustrate their construction and tbe 
method of sinking them. 

427. Pneumatic caissons used at L'Orient, Prance.-^ 
These were used in laying the foundations of two of the piej^ 
of a railroad bridge over the river ScorflF, at L'Orient, i^' 
France. The river bed consisted of mud fix)m 25 to 45 
feet deep, lying upon a hard rock. The surface of the water 
was abcxut 60 feet above the rock at mean tide, anii 70 feet at 



high tide. It was easeiitial for the stability of tho piom that 
they should rest on the rock. 

i'he caissons used were 40 feet long, 12 feet wide, and 
made of boiler iron. 

The thickness of tho iron forming the aides of tho eaisiioii 
varied according to the depth in the water, beingj'itjatci' for 
the lower than for the middle and upper parts. Tlie ratio of 
the thickness was for the upper, middle, and lower, us S, 4, 
and 5. 

The working chamber was ten feot hi^h and coininnnicHted 
with the upper chamber or bells, wliere tlie uir-lot^kx wuro 
placed, by two tubes for each bell ; these tubes wuiij eurli two 
feet and tliree-quarters in diameter. Each lifll was ten feet 
high and eigbt teet in diameter, and contained two aii-lockN 
atid the necessary hoisting geiir; the full bnckctit luuii-ndod 
through ooe tube and descended through tlic ntlicr. 

Fig. 153 ehows the caiseon used for the pier on tlie right 
bank. 




Bepnaenti m Totical MCtfoa 
n Mid iiuKnii; of pier dnrii^ 
»■ of Miikiiig. 

A, the workiiig cbainber. 

B, intenoT eleiatioa of caimao. 
C,C, elenttioii of tbe belia. 
D,0, tbe commniiiotuig tabca. 

E,E, maaaaij of ptei, btdit •• the caUca 



When the rock wm m^M^, it<i tnrfivj', «m '-[«^r.<^ '-H 
and a lerel bed madft nn/W ti^. My«( '4 t.in'. r-ai)-v.T>. T>>« 
working chamlier <ra« tliMi lilWI np fo ii}f. vnA with tiok- 

BOniT. 

Toe pi^ wia ftf •^Aj^r*^j'. -m'-Ut « i»4'Mi7'A Kfm,-. tuntu/ttry, 
and bnilt np as thA frfti'«w.ri -bm »,\i,k\i.^ t/, tU \,\»f^. 

The working eharr,!'.*^ r^-iftsr filWf, 'fi* fr.rx* »*)■* Tt'-.tU- 
drawn and the :^««n '^/^.yM iij fh^irti fllWt wiri, f/m- 
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Pneumatic Caissons at Si. Louis, Mo, 

428. At the time the foundations of the piei-s oi tlie bridge 
over the MiBGissippi Hiver, at St. Louie, were laid, the caissons 
there used were the lai;gest tliat had ever beeu eraploj'ed for 
such a purpose. 

This Dfidge coueisted of three spans, supported on two pi«n 




Fis 1S4— BepreseDts a 

t on of east p ei of tho bniigo over the Mimumppt 

R ver at St Louis Ma 
A maiD Hhatt B air l[>cks. C woikmg dutmber 
0, B desof ooiBBon E, aidesbofts F, Mud pnmiM. 
G, discbarge of Band. 

and the abutments. The river at this point is 2,200 feet wide 
at high water, with a bed of sand over ro(!k. The rockslop*' 
from the west to tlie cast, the ujiper surfaces of the sand homg 
practically level. The depth of the sand on the wcBtero bIiom 
was about 15 feet, and on the eastern nearly lOU feet. 
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As the 8coar on the bottom is very great in the Mississippi 
Kiver, it was regarded as essential that the piers should rest on 
the rock. To penetrate this sand and lay the foundations on 
the rock, the pneumatic caisson was used. 

Fig. 154 represents a section of the one used for the east 
pier. There the rock was 128 feet below the high-water 
mark. When the caisson was moored in position there was 
above the rock 35 feet of water and 68 feet of sand. 

The plan of the caisson was hexagonal, the long sides being 
50 feet each, and the shoii: ones 35 feet each. The sides or 
the caisson were made of plate iron, three-eighths of an inch 
iu thickness, and built up as the caisson sank. 

The bottom, which was to support the masonry, was com- 
posed of iron girdere, placed 5^ feet apaii;. Iron plates, 
\ inch thick, were riveted to the under side of these girders 
to form the nK)i of the working chamber. The sides of the 
caisson, prolonged below the girders, formed the sides of the 
chamber, and were stn^nglv braced with ii-on plates and stif- 
fened by angle irons. The chamber, thus formed, was 80 
feet long, 60 feet wide, and had an interior height of 9 feet. 
The interior space was divided into tln-ee, nearly equal, parts 
by two heavy girders of timber placed at right angles to 
those of ii*on, and intended to rest on the sand ana assist 
in supporting the roof of the chamber. Openings made 
througli the girders allowed free communication between the 
divisions. 

Access to the top of the caisson was obtained by vertical 
shafts lined with brick masonry, and passing through the roof 
of the chamber. The air-locks were at the lower end of the 
shafts and within the chamber. 

As the caisson descended, the masonry pier was built 
up in the usual manner, its foundation resting on the iron 
girders. 

In the chamber were workmen who excavated the sand, 
and shovelled it under the sand-pumps. (Fig. 154.) A 
pump of 3i inches diameter, working under a pressure of 150 
pounds on tlie square inch, was capable of i*aising 20 cubic 
yards of sand 125 feet per hour. 

When the caisson reached the rock, the latter was cleared 
of sand and the entire chamber then filled with concrete. 

The experience acquired in sinking this caisson enabled the 
engineer to make material modifications in the details of the 
caissons subsequently used. 

The health of tlie workmen was greatly affected by the 
high degree of compression of the air iu which they had to 
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worH. In Bome cases the pressure was as high as fifty ponnds 
on the square inch, and several lost their lives in consequence. 
Tn the second pier, instead of tilling the chamber entirelj 
with concrete when the lock was reached, the space aromid 
the edges was only closed with concrete and the cnamber was 
then tilled with clean sand. 



Pneumatic Caisson at St. Joseph^ Mo, 

429. This was used in 1871-2 in laying the foundations of 
the piei^ for a railroad bridge over the Missouri River, at St. 
Joseph, Mo. 

For a reason similar to that given in the last case, it was 
decided to rest the piers on the rock below the bottom of the 
river. The n>ck was about sixty-seven feet below the level 
of high water, and was overlaid with mud and sand to depths 
varying from forty to the whole distance of sixty -seveii feet 
Six piei-s were used and were placed in depths oi water vary- 
ing at the low stage from zero to twenty-five feet ; the differ- 
ence between high and low water being twenty-two feet. 
Pockets of clay, with occasionally snags and boulders, were 
met with in the sand and mud. 

The caisson used for pier No. 4 was made of twelve-iueh 
square timber, and was at the bottom fifty-six feet long, and 
twenty-four feet wide. The sides of the working chamber 
were three feet thick, sloping inwards with a batter of 
^, It was built by placing a row of timbei-s in a vertical 
position, side by side, for the outside ; then, inside of thi^, 
a second row was laid horizontally ; and then, for the insid^N 
a third row in a vertical position. The outer row extended 
one foot below the middle row, and the latter one fo<»t 
below the third. A horizontal beam extending entirely 
around the interior was bolted to the sides of the chainbei** 
one foot above the bottom of the inside row. A set of}"' 
cliiied btruts rested on this beam, and abutted against sprain- 
ing beams framed into the roof of the chamber. The roof 
was solid timber, four feet thick, on which rested the grillage 
for the masonry of the pier. The grillage was made of tim- 
ber, seven courses thick, each coui*se being laid at rigl'^ 
angles to the one below it. The timbers of each course were 
separated \\y a space of six inches, excepting the top coui«tJ» 
which was solid. 

All the timber work was accurately fitted, and the whole 



PNEUMATIC CAIBSONS. 813 

bolted together bo aa to form one unyielding mass. The 
interior irf the working chamber was calked, and was prac- 
tically air-tight. The dimensions of the chamber were, on 
the inside, twenty-two feet wide and fifty-four long at the 
bottom ; five feet wide and seven feet long at the top ; and * 
nine feet high at the centre. The grillage was drawn in so 
that its top was of the same dimensions as the base of the 
pier, being nine feet wide and twenty long, with curved star- 
lings at each end. 

The air-lock was four feet in diameter and seven high, 
made of plate iron, and phiced in the middle of the top of 
the chamber. A df)or in the top of the air-lock opening 
downwards communicated with a vertical iron shaft three feet 
in diameter; the shaft extended above the top of the ma- 
sonry and allowed access to the top of the caisson. An iron 
ladder in the shaft was used for ascent and descent. The 
usual supply and discharge pipes passed through the grillage 
to the working chamber. 

The caisson was sunk by the process previously described. 
The arranorement of the lower bearing; surfaces of the ciis- 
son are regarded as worthy of notice. Tlie lower edge of 
the outside row of timbei*s was sharpened ; as soon as it had 
sunk one foot, the under surface of the second or horizontal 
row came into play, adding a f(X)t of bearing surface. Wlien 
the caisson had descended two feet, the bottom of the inside 
or third row pressed on the soil, thus giving three feet of 
bearing surface. By this arrangement the amount of bearing 
surface was under the control of the engineer. If the soU 
through which t'he caisson was sinking was variable in its na- 
ture, that is, if on one side of the caisson it was soft, and on 
the other it was hard, the bearing surface could be increased 
on the soft side and diminished on the other. In this way 
the caisson could be kept vertical while sinking. 

The greater part of the material excavated was mud or 
saiid, and was discharged easily and rapidly by means of 
sand pumps. The clay, boulders, and snags were discharged 
throucrh the air-lock. 

mi 

The caisson was sunk at the rate of from five to seven feet 
in twenty-four houra. 

When the caisson reached the bed rock, a wall of concrete, 
six feet thick, was built on the rock under the edges, and 
was solidly rammed under the three rows of timbere and up 
to and including the horizontal beam supporting the struts. 
Sti-ong vertical posts were placed under the roof to assist in 
supporting it. The sand pumps were then revei-sed, and the 
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chamber was filled with clean sand and gravel. A tube wnB 
8() placed as to allow the escape of the water in the sand, so 
tliat tlie whole interior was compactly filled with solid mate- 
rial. The sand pumps were then withdrawn, and the shafts 
themselves were filled. 



Caissons of the East Rimr Bridge at -New York, 

» 

430. The caissons used for the foundations of the piers in 
this bridge were rectangular in form, and made of timlier. 

The exterior of the bottom of the chamber in the BrooklYH 
caisson was 168 feet long aud 102 wide. In the one on the 
New York side the width was the same, but the length was 
four feet greater. 

Both were nine and a half feet high on the inside. Tlie 
roof of the Brookl\-n caisson was a solid mass of timber, fit* 
teen feet thick (Fig. 155), and of the New York caissaO) 
twenty-two feet thic 
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Fio. 155 — Represents section through water shaft of the Brooklyn caiswa, 
showing method of remoying boulders or other heavy materiala. 

The sides of the caisson had a slope of ^- for the outer 
face, and of | for the inner, as shown in the figure. The outer 
slope was for the purpose of facilitating the descent of the 
caisson into the ground. The lower edge was of cast iron, 
protected by boiler iron, extending up the sides for thj*eefeet 
The sides, where they joined the roof, were nine feet thicL 
The chambers were calked both on the outside and inside, to 
make them air-tight. As a farther security, an unbroken 
sheet of tin extended over the whole roof between the fourtli 
and fifth coui-ses, and down the sides to the iron edge. The 
New York chamber was, in addition, lined throughout on the 
inside with a light iron plate, to protect it from tire. 
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Each chamber was divided by five solid timber partitions 
into six compartments, each from twenty-five to thirty feet 
wide. Communication from one to the other was effected by 
doors cut through the partitions. 

The air-locks were placed in the roof, projecting into the 
chamber four feet, and communicating at the top with 
vertical shafts of iron, built up as the caisson descended. 
The locks w^ere eight feet high and six and a half feet in dia- 
meter. 

The mud and sand were discharged through pipes by the 
compressed air. A pipe, thi-ee and a half inches m diameter, 
discharged sand from a depth of sixty feet at the mte of one 
cubic yard in two minutes, by the aid of the compressed air 
alone. 

The heavy materials were removed through water shafts. 
These were seven and three-quarter feet in cfiametei*, open at 
the top and at the lower end, the latter extending eighteen 
inches below the general level of the excavation. A column 
of water, in the shaft, prevented the compressed air from 
escaping. 

The material to be removed through the water shaft was 
thrown into an excavation under the lower end of the shaft ; 
it was there giasped by a "grapnel bucket," which was low- 
ered through the shaft, and hoisted through the water to the 
top of the shaft, where it was removed. 

After the caisson had reached the rock, the chamber was 
filled with concrete, in the usual manner. 

The great thickness of the roof, and the moderate depth of 
water, enabled the engineer to dispense with the use of sides 
to the caisson, as the masonry could be kept always above the 
surface of the water. 

Movable Pneumatio Caisson. 

431. A pneumatic caisson has been successfully used in 
laying the foundations of piers of bridges, which differs from 
those already described, in its construction admitting of its 
being moved after completion of one pier, to another place for 
the same purpose. It was an iron cylinder, ten feet in dia- 
meter (Fig. 15G), connected at its lower end with a working 
chamber, eight feet high and eighteen feet in diameter. On 
the roof of tlie latter was another chamber, annular in form, 
eighteen feet in diameter and about six feet high, so arranged 
as to allow of being filled with water when any additional 
weight was necessary, and being emptied of water and its 
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place supplied with compressed air when leas weight was de- 
sired. On top of thiB niiimlar chamber was a similar one ar- 
ranged to be loaded with iron ballast. Strong chains attached 
to the roof of the working cliatnber and connected with a 
hoisting apparatus, placed on a strong scaffolding over the 
site of the pier, were used to lower and L'f t the cylinder, as 
neceeeity required. 



Pio. ISS— Represents tection of luf- 

able poeamaUo caisBon. 
B, working cbambeT, 
A, chamber for water, or for<ximpiM<^ 

W, chamber for iroo ballast. 
e, e, elevatioii of len^tha of th« inn 
cflinder. 




Air-locks, air-pumps, and all the necessary adjuncts of » 
pneumatic pile, were provided and used. Having reached tie 
rock or firm soil, the bed and the foundations were con- 
strncted as already described. As the masonry of the pier 
i-OBe, the whole apparatus was lifted by the chains andlwist' 
ing apparatus, the cylinder being lightened by expelling the 
water from the chamber, A, and filling the latter svitli i:p'"' 
pressed air. The masonry of tJie pier iiaviiig risen above the 
surface of the water, tlie whole apparatus was removed buo 
used in another place. 

432. Remark. — It is seen that the pneumatic caisson, w 
before stated, is simply a combination of the diving-bell W'^^ 
the common caisson, the diving-bell being on a large ecal*! 
and its roof being intended to form a part of the bed of ih* 
foundation. 

Experience has shown that the large caissons are more 
easily managed than the small ones. The circumstances of 
the case can only decide as to which is preferable, the caisson 
or the pneumatic pile. Eithei* metlioa is an expensive one, 
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and 18 only employed in localities where the others are not 
applicable. 

SBOXTRZNa THS BBD FROM THB INJORIOUS ACTION OF 

WATBR. 

433. The bed of a river composed of sand or gi-avel is liable 
to change from thne to time, as these materials are moved 
by currents in the river. This change, when accompanied by 
an increase in depth of the river, is known as the •' scour. ' 
Sometimes a scour will occur on one side of a structure and 
not on the other, producing an undermining threatening the 
stability of the m.isonry. Where common piles have been used, 
they have occasionally been washed out by this action. Even 
in rocky bottoms, when of loose texture, the rock will gradu- 
ally wear away under the action of currents, unless protected 

It therefore becomes an important point to provide security 
for the beds in all soils liable to any change. It is for this 
reason that in very important structures, the foundations are 
placed on the bed rock far below the possible action of cur- 
rents, and so arranged that even if they should be exposed to 
a 6<^our they would be safe. This requirement has caused the 
free use of the pneumatic methods. 

Various expedients have been used to secure the beds where 
they do not rest on the rock or on a soil below the action of 
the water. A common method is to rip-rap the bed, that is, 
to cover the surface of the bottom, around the bed, with frag- 
ments of stone too large to be moved by the currents, aiid if 
the soil is a sand or loose gi-avel, to use clay in connection 
with the stone to bond the lattei- together. 

Where the bed is made of piles, it is well to enclose the 
piles by a grating of heavy timber, before throwing in the 
stone. In some cases the foundations are boxed, that is, the 
piles are enclosed by a sheeting of planks, or by other device, 
BO as to protect them from the scour. 
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BRIDGES. 




•^^"- v» 



iVlTER XIIL 

'. I'tiTuiv SO erectod over a water-course 
«... rur of the ground, as to afford a C(»n 
« r ' :iio ''{iposite sides of the stream, o 
■t' onintrv, without ohstmetiug th(»s 
\ iiiij beneath. 
.. Ati o\'{}r a depression in whieli ther 
. s i::i'uerallv called a viaduct. 
'I :T> uu artiHeial ehannel for eonvevii'* _ 
> r aqueduct; and where it crrosse^ *^ 

.11 led an aqueduct-bridge. 
• ■::\enienee of deseri|)tion, be elas?=^^^^ 
.» A Ills of wliich they are made: ^'^ 
rou, wooden bridi^os, etc.; or from r "* *^ 
;-v: as permanent, movable, fio^^^-'^ 
• ni tlie general mechanical princip "B- ^-^^ 
:; .< parts : as arched, trussed, tubuK^ 



«r 



.WKS..IC udits. — A bridge consists of three <^^^' 

^^^^ » ^i Abutments on which the su])erstr'«- ^ ^' 
.. frames or other arrangements which SI »i^' 
■,: Oil, the roadway, witli the ])arts ut=-<-?''^ 
r\'r its preservation or to increase i^^ 
. . -Mrapets, etc. 

. v^i> kinds, both in their genei-al plan aru/ 
., .; .cr are dependent upon the objects «'^ 
.. . vv> acquiring tiie erection of the bridge. 
.. •. v-.^c is v>ne in which the points of support 
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are so near together that two or more simple beams laid 
across the stream, or acix)88 an opening to be passed over, are 
sufficient for the frame ; a few planks laid upon the beams 
may then form the roadway. 

The supports being strong enough, the proper dimensions 
for the beams and for the planking are easily determiued. 

This calculation for the beams is made under the hypo- 
thesis that each is a simple beam, resting on two points of 
eupiwrt at the extremities, strained by a load uniformly distrib- 
uted over it, and also by a weight acting at the middle point. 

The uniform load is the weight of tne structure, ordinarily 
assumed to be uniformly distributed in the direction of its 
length. The weight at the middle represents the heavy body 
as it passes over ; as, for example, a heavily loaded wagon for 
a common, and a locomotive for a railroad bridge. Having 
detennined what this weight shall be, its equivalent uniform 
load may be obtained, and added to that already assumed ; or 
if preferred, the uniform load may be replaced by its equiva- 
lent weight at the middle. 

If the number of these beams be repi'esented by n, and we 
suppose that they are at equal distances apart, then the total 
load on the bridge divided by ;i will give the load on each 
beam. Then by formulas already deduced we can, knowing 
the value for R, determine the proper breadth and thickness 
for each beam. 

436. Platfbrm of road-way. — Tn a common wooden bridge 
the roadway is generally of planks. These are of hard wood, 
fix>m three to four inches thick, resting on longitudinal 
pieces placed from two to three feet apait from centre to 
centre. This thickness of plank is greater than is required 
for strength, but has been found necessary to enable the road- 
way to withstand the shocks, friction, and wear due to the 
travel over it. 

If the longitudinal pieces which rest directly on the sup- 
ports ai-e too far apart to allow the plank to rest safely upon 
them, crosF. pieces, called roadivay bearers, are placed upon 
the longitudinal pieces. On these cross pieces other longitu- 
dinal pieces, called joists, are placed close enough together, 
and the planking is laid upon the joists. 

The particular kind and width of roadway will depend 
upon the character of the travel over the bridge. Knowing 
these, the weight per unit of length is quickly detennined. 

437. Piers and abutments. — Walls should be bnill to 
support the ends of the beams. These walls mav be of stone, 
wood, or iron. Those placed at the ends of the bridge are 
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called abutments ; the intermediate ones are termed piers; 
the distance or space between any two consecutive piew u 
called a span, and sometimes a bay. 

If tlie frame of the bridge is of a form that exerts a lateral 
thrust, as, for instance, in an arch, the abutments and piew 
must be proportioned to resist this thrust. 

As the foundations are exposed to the action of cnrrente 
of water, precaution must be taken to secure them from anj 
damage from this source. The piers and abutments mustako 
be guarded against shocks from heavy bodies and against the 
damaging effects of floating ice. 

438. Wooden piers and abutments. — Wooden abntmentB 
may be constructed of crib- work. The crib is ordinarily 
formed of square timber or logs hewn flat on two of their 
opposite sides. The logs are halved into each other at the 
angles, are fastened together by bolts or pins, and are some- 
times further strengthened by diagonal tics. The rectangular 
space thus enclosed is filled with earth or loose stone. Very 
frequently the crib is built with three sides only. Another 
way of constructing the abutment is to make a retaining wall 
of timber by which the earth of the bank is held up. 

The piei-s also are sometimes made of cribs. The cribs are 
floated to the spot, sunk in place, filled with stone, and built 
up to the proper height. There are serious objections to 
their use for piers, and they are recommended only where no 
injurious results will follow their adoption, and where it is 
not expedient to employ some one of the other kinds. 

The pier made of piles is the most common form of the 
wooden pier. It is constructed by driving piles from three 
to six feet apart, in a row, parallel to the direction of the 
current. The piles arc then cnt off at the proper distance 
above the surface of the water, and capped with a heavy 
piece of square timber. If the piles extend some distance 
above the water, they must be stiffened by diagonal bi*aces. 

In some cases the piles are cut off, at or just below the level 
of the water, so that the capping piece will always be kept 
w^et. Mortises are made in this cap into which uprights are 
fitted ; the uprights taking the place of the upper parts of the 
piles in the pi-cceding case. Or, what is more common, a 
trestle made in the form of an inverted W is fitted on this 
cap, and the upper side of this trestle is capped with a square 
piece of timber. 

Where the bottom is hard and not liable to " wash," the 
piles are dispensed with and the trestle alone is used.. In 
this case the piece on which the trestle rests is laid flat on the 
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^ Ikottom and K called tbo mtid-aill. The upper part of the 
"ttreetle is capped as before, and if necessaiy to get addittoni^ 
i lieight another trestle is framed on top of this. 
5 439. Fenders and ioe-breakers. — Wooden piere are not 
H winatrncted to resist heavy shocks from floating bodies. In 
. positions exposed to such shocks, fendei-s should be built. A 
vlnmp of piles driven on the exposed side of the pier, oppo- 
site to and some distance from it, will be a softicient protec- 
tion against ordinary floating bodies when the current is 
gentle. The piles sliould be bound together so as to increase 
Sieir resistanue; this may be done hy wrapping a chain 
around their heads. If thei'c is danger from floatmg ice, an 
inclined beam (Fig. 157), protected by iron, should be used 
to break up the ice as it moves towards the pier. 

EIlevatioD. 




Fra. Vyi. PUn. 



In rapid currents, where the ico is thick, a crib'Work 
Bqaare in plan, with one of the angles up-stream, has been 
nsed. The crib was filled with heavy stone and the iip-stream 
angle was given a slope and was protected by a covering of 
iron. 

The construction shown in Fig. 158 is a good one. Its re- 
sisting power is iuui-eased by'filhng the interior with stone. 

440. Masonry piers ajnd abutments. — The methods, 
desc^bed in the chapters on masonry and foundations, are 
applicable to the construction of piers and abutments. 

Since they are, from their position, especially liable to 
damage from the action of currents, both on the soil aronnd 
them and on the materials of which they are made, particular 
attenticm should he paid to their construction. 



In preparing the bed, a wide footing Bbonld be g>»«f 
to the foundation coarsee, if the soil ia at all vieldinff, and 
whenever tills footing does not reat on rock, means ahoold be 
taken to secure the bed from auy injurioos action of the , 
water. 

El«T>ticn. 




Fio. 15S. Plan. 



The piers, althoiifrh they are generally built with a sligt)' 
hatter, may be bnllt vertical. The thicKTiees given them is 
greater tliaii is necessary to support the load which is to be 
j>laced Tipon them, in order tliat they may better resist the 
aluKiks from lieavy floating bodiea and the action of the eur- 
rents to which they are continnally exposed. 




They should be placed, if possible, so that their longMt 
dimenuions siiould be parallel to the direction of the conent- 
They should have their np and down-stream faces eitbei 
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enrved or pointed, to act as cnt-watere turning the current 
aeide, and preventing the formation of whirls, and to act as 
fendera. 

These cnrved or pointed projections are called starlings. 
Of the different forins of horizontal section which have been 
given tliem (Fig. 159), the Bemi-ellipse appears to be the most 
Batisf actor}-. 

Their vertical outline may be either straight or elightlv 
curved. They are built at least as high as the highest water 
tine, and iinished at the top with a coping st^me called a 
hood. 

In streams subject to freshets and to floating ice, the up- 
stream starlings are provided with an inclined ridge to 
facilitate the breaking of the ice as it floats against and by 
theoL Where very large masses are swept against the piers, 




on, elCTAlioD, and plan of a piei 



FlO. tflO—TlepTeBenta longitudinal si 
of the FoUnnac aqueduct bridg«. 

A, A, ap-etream starling, with tbe inclined ioe-breaker D, which liaeslrom 
the low-water level above that of tlie highest freshetB. 

B. down-atnam itwling. 

E, top of pier. 

F, horiiontal projeotion of ioe-brealceir. 

it is not nnnsuat to detach the ice-breakers and place them in 
front of the piers, as is generally done in the case of wooden 
piers. 

Fig. 160 represents the ice-breaker planned and constrncted 
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by Colonel Turnbnll, of the Topogi^aphicAl Engineers, United 
States Array, for the piers of the Potomac aqaeduct bridge 
of the Alexandria Canal, at Georgetown, D. C. 

The pier was at the bottom 66.0 feet long and 17.3 \h\ch 
and terminated by starlings whose horizontal cross-section 
was circular. The pier shown in the drawing was 61 feet 
liigli, and built with a batter of ^. 

Tlie starlings were built up with the same batter, except 
that the up-stream one, when at the height of 5 feet below 
the level of high wat«r, received an inclination of 45**, which 
it retained until 10 feet above it. Fi*om there to the top it 
had the same batter as the rest of the pier. The two lower 
courses of the ice-breaker were 22 inches thick, the rest being 
18 inches. The stones were laid in cement, and no stone was 
allowed in the ice-breaker of a less volume than 20 cubic 
feet. 

The ice brought down by the river at this pomt is often 16 
inches thick, and the current is often six miles an hour. On 
such occasions the ice is forced up the ice-breakers to a 
height of 10 or 12 feet. The ice breaks by its own 
weight, and passes off between the piers without doing any 
harm. 

Probably the ice-breakers of the International Bridge, over 
the Niagara River, at Buffalo, are more severely tested than 
any in our country. They are triangular in plan, have a 
slope of i, and are protected by iron plating. 

441. Iron piers and abutments. — Until a very few years 
ago all piers were made either of masonry or timber. Where 
a solid bed could not be reached by excavation, piles were 
driven, their tops were sawed off, and on them a grillage and 
platform was placed to form the bed. 

The substitution of iron for wood in many engineering 
structures, soon led to the use of iron in the above class or 
constructions. 

Iron is used in the construction of piers and abutments in 
various forms as follows: 

1. As piles or columns, wholly of iron ; as screw piles. 

2. As a hollow column, open at the bottom, and partly or 
entirely filled with concrete ; the weight of the bridge resting 
on the iron casing. 

3. As a cylinder, entirely filled with masonry or concrete; 
the weight of the bridge resting on the masonry, the iron 
casing serving to protect and to stiffen the column. 

4. As a caisson ; the sides being left standing. 
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The precautions recommended for stone and wooden piers 
are equally necessary for those made of iron. 

442. Approaches. — The portions of the roadway, at each 
extremity of the bridge and leading to it, ai*e termed the 
approaches. 

These are to be arranged so that vehicles, using the bridge, 
may have an easy and safe access thereto. 

The arrangement will depend upon the locality, upon the 
number and direction of the avenues leading to the bridge, 
upon the width of these avenues and upon their position j 
whether above or below the natural surface of the ground. 

When the avenue to the bridge is in the same line as its 
axis, and the roadway of the avenue and of the bridge is of 
the same width, the abutment is generally made as shown in 
Fig. 161. The returns or short walls carried back parallel to 




Pig. 161. 

the axis of the road to flank the approach are called wing- 
walls, and are intended to sustain the embankment as well as 
to serve as a counterfort t© the abutment. 




FlO. 162 — Represents a horizontal section of an abutment, A, with curved wing- 
walls, B, B, connected with a central buttress, . , by a cross tie-wall, D. 

Wlien several avenues meet at the bridge, or it is necessary 
that the width of the approach shall be greater than the road- 
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way of the bridge, tbs wing-walls may be given a onired 
shape, as shown in Fig. 162, in this way widening the 
approach. 

When tlie eoil of the river banks ie bad, the fonndation of 
the win^-walls Ehoiild be laid at the same depth as that of the 
abutment. But if the soil is firm, thoy may be built in steps. 
and thus save considerable expense. 

The rules for the dimeusions of wing-walls are the aaroe as 
for other rataining walls. A common rule is to make their 
length one und a half times tho height of the roadway above 
the bed of the river, iheii- thickness at bottom one-fourth their 
height, and to build thetn up in off-sets on the inside, reduc- 
ing their thickness at the Uip to between 2 and 3 feet 

In some cases plane-faced wing-walls are arranged so thai 
the faces make a given angle with tlio head of the bridge. 
The top of the wall is given a slope to snit the locality, and 
is covered by a coping of flat stones, to shelter the juinB 
and to add a pleasing appearance to the wall (Fig. 163)' 
The lower end of the coping is generally terminated bv s 
newel stone. 




Instead of wing-walls, a single wall in the middle is us^^. 
in many cases. The plan of tiie abutmont in such a case 
that of a T. 

In case there are no wina-walls to retain the earth, tl^* 
abutment wall must be sufficiently distant from the cre^^ 
of the slope of the watcreouree to allow room for the sloir^ 
of the emhanknient. Tliis slope of the embankment may h^ 
the natural sh)po, or, if steeper, the embankment should b^ 
revetted with dry stone or sods, as shown in Fig, 164. 

It may be neceeeary, to avoid obstructing the communiui' 
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tiona along the baok, to conBtruct arched passage-wajB ander 
the roadway of the approaches. 




Fro. 164 — PUn and elevabon Hhowing a method of unnjtfDg the om- 
bsnkments where theie are no wing wsIIh 

a, a', aide Hlopei of emb&nkinent of Uie sppioooh. 

b, b'j dcj stone reietmant of the slope towairda the toatei-oonrae. 
d, a, dij sloDe faoiiig of the tlopa of the bank. 

a. a\ pavini: used on the bottom of atreun. 
/, /', stairs for foot puaengsn. 

443. Water wlngB.— When the face of the abutment pro- 
jectB beyond the hank, an embankmetit faced with flton£ ehoiild 
coniieut it with points of the bank, both above and below the 
bridge. These are called -water-vrings, and serve to contract 
gradiially the water way of the stream at this point. 

Where there ie danger of the banks above and bolow the 
abutment being washed or worn awsy by the action of the 
current, it is advised to face the slope of the bank with dry 
stone or masonry, as shown in Fig. 164. 

444. The frame. — It is evident that the arrangement used 
to support the roadway admits of the greatest differences in 
form. From these dinerencee in the forms used, many classi- 
fications have been made. 
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According to the kind of frame, bridges inaj for analysis 
be classed as follows : 

I. Trussed Bridges • 

II. Tubular Bridges • 

III. Arched Bridges • and 
lY. Suspension Bridges. 

Considering the simple bridge to belong to the first class, 
every bridge may be placed under the head of one or more 
of tliese divisions. 



CHAPTER XIV. 

L>-TRU88I1D BRIDGB& 



445. A trussed bridge is one in which the frame support- 
ing the roadway is an open-built beam or truss. 

A truss has been defined (Art. 252) to be a frame in which 
two beams either single or solid built, with openings between 
them, are joonnected by cross and diagonal pieces so that the 
whole arrangement acts as a single beam. 

It generally has to sustain a transverse strain (caused by a 
weiglit which it supports. To do this in the best, manner, 
the axes of the pieces of which the truss is composed are kept 
in the same vertical plane with the axis of the truss, or are 
symmetrically disposed with reference to it. 

Supposing the truss to rest on two or more points of sup- 
port, in the same horizontal line, its upper and lower sides 
are called chords. In some cases the upper side has been 
called a straining beam, and the lower a tie. Sometinies 
both beams are designated as stringers. English writer call 
them booms. 

Generally, both choids ai'e straight and parallel to each 
other. Both may be and are sometimes curved ; in some cases 
one is curved and the other is straight. 

The secondary pieces, or those connecting the chord8,ar« 
called braces, and are so arranged as to divide the frame 
into a series of triangular figures. The braces are known as 
struts or ties, depending upon the kind of strain they have 
to sustain. The triangles may be scalene, isosceles, equila- 
teral, or right angled. They may be placed so as to form a 
system of single triangles, or by overlapping, form a lattic e 
or trellis pattern. 
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446. Systems. — Trussed bridges are divided into three 
general sj stems: 

1, The triangular system ; 2, The panel system ; S, The 
bo'wstring system. 

Olher subdivisions are freqnently made, based upon the 
particular arrangement adopted for the braces and upon the 
f<inii ^iven to the chords. 

Special cases belonging to the systems are generally known 
by the name of the inventor: as Long's truss, Howe's, 
Fink's, etc. 

The essential qualities in a truss are those already given for 
a frame (Art. 231), viz., strength, stiffhess, lightness, and 
economy of material. 

These qualities are dependent upon the kind of material 
usftd in its construction, the size of the pieces, and the method 
oi arranging them in the frame. The latter gives rise to the 
variety of trusses met with in practice. 



METHODS OF CALCULATINO STRAINS ON THE DIFFERENT PARTS OF 

A TRUSS. 

447. External forces acting on a truss. — It is necessary 
to know all the external forces which act on a truss, in order 
U) determine the strains on its diflFerent parts. 

The external forces which are considered, are : 

1 , The -weight of the bridge ; 

2, The moving or live load ; 

3, The reactions at the points of support ; 

4, The horizontal and twisting forces which tend to 
push the frame in a lateral direction or around some line in 
the direction of its length. 

1. The -weight of the bridge. — Previous to the calcula- 
tion of the strains, the weight is not known, since it is de- 
pendent upon the thing which we seek, viz., the dimensions 
of the parts of the bridge. An approximate weight is there- 
fore assumed, being taken by comparison with that of some 
similar structure already built. The strains are then 
determined under the supposition that this is the weight 
of the bridge and the dimeiiBions of its parts are computed. 
The weight is then calculated from these dimensions, and if 
the assumed weight does not exceed very greatly that of the 
one computed, the latter, and also the strains deduced there- 
from, are assumed to be coiTcct. 
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2. The moving load. — This is any load which may pass 
over the bridge, and when calculating the strains, should be 
assumed at its maxiuiuin ; that is, as equal to or exceeding 
slightly the greatest load whicli will ever be placed on the 
structure. This load should be considered as occupying vari- 
ous positions on the biidge, and the greatest strains in these 
positions determined. 

For a common road bridge, the load is assumed to be a 
maximum when the bridge is covered completely with men. 
This load is estimated at 120 pounds to the square foot, and 
must be added to the weight of the bridge. 

For a railroad bridge, the load is assumed a maximum when 
a train of locomotives extends from one end of the bridge tc 
the other. This load is assumed at one ton (2,240 lbs.) to the 
running foot. 

Sometimes, common road bridges are liable to be crossed 
by elephants, in which case it is assumed that the maximum 
load is equivalent to that of 7,000 pounds supported on two 
points, six feet apart. 

A load applied suddenly produces on tiie parts of a bridge 
double the strain which the same load would produce if it 
were applied gradually, beginning at zero and increasing 
gradually until the whole load rested on the bridge. A load 
moving swiftly on the bridge approximates in its eflFect to 
that of one applied suddenly. 

Therefore, the action of a live load may be considered to 
be the same as that of a load of double its weight placed care- 
fully on the bridge. The latter may then be treated as any 
stationary load added to the weight of the bridge ; the stitiins 
can be determined in the usual manner. 

To distinguish between these loads, it is usual to call the 
weight of the bridge the permanent or dead load, and that 
caused by bodies crossing the bridge the moving, the rolling, 
or the live load. 

3. Reactions of the points of support. — The applied 
forces cause reactions at the points of support, which must be 
considered in the calculations, as external forces acting on 
the bridge ; their value, therefore, must be determined. No 
sensible error is committed by regarding the reactions as verti- 
cal for trusses whose chords are straight and parallel to each 
other. 

4. Forces producing lateral displacement or t^wist- 
Ing. — The action of the wind on the sides of the truss tends 
to push the bridge in a horizontal direction. This pressure 
may be regarded as uniform over the entire extent of the 
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•^rface exposed. The best authorities assume this pressure 
^•^inarily at forty pouuds per square foot. The locality will 
r^ide as to the exact amount, since the force of the wind 
J^ greater in one place than in another. The wind gauge 
*^H8 recorded as hign as sixty pounds in this locality. 

Care is taken to guard against any forces which might 
pix)duce a twisting strain, and to reduce their effect to a mmi- 
JUum. If there be any such forces acting, their effect on the 
bridge must be provided for. 



The King-post Truss. 

448. Excepting the triangular frame (Art. 256), the king- 
post truss is the simplest of the trusses belonging to the tri- 
angular system. 

It is frequently employed in bridges of short span, and 
whei*e the span is so small that the beam requires support 
only at its middle point. 

For a single roadway, two of these frames are placed side 
by side, and far enough apart to allow room for tne roadway 
between them. Roadway bearers are placed on the beams, 
or are suspended from them, to support tne joists and flooring. 
Each truss will therefore be loaded with its own weight, 
one-half that of the n>adway, and one-half of the live load. 
Baiowing these weights, the sti-ains on the diiferent parts 
are easily determined, and the dimensions of the parts cal- 
culated. 

To determine the amount and kind of strains on the paints, 
consider the load resting on the beams as uniformly distri- 
buted over them, and represent (Fig. 08), by w^ the load on a 
unit of length of the beam, C ; 2Z, the distance between the 
points of support. 

The load on the beam, C, will be 2wl, The iwwt, f/, is so 

li 



framed upon the inclined braces, e^ e, and into the beam, C, 
that the middle point of the beam in kept in the Haine straight 
line with its ends. C is therefore in the condition of a bcMim 
resting on three points of support in a right line. Five- 
eighths of the load 2W, is therefore held up by the kinu; pcmt 
(Art 186), and by it transmitted U) tlio apex nf the Inimo, 
the king-post sustaining a tensile strain, Tim amount of thin 
strain being known, the dimensions required by the kIngpoHt 
are easily calculated. 

The strains upon the braces and their diinuuniunii are deter- 
mined as in Art. 256. 
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Fig. 165. 



If the middle point of a beam, as A B (Fiff. 165), is sup- 
]X)i-ted at C by inclined braces resting against tne abutments, 

the amount and kind of strains 
on the braces are the saiue 
as those in the king-post 
truss; in this case thehctfi- 
zontal thrust at the lower 
ends of the braces, instead 
of being taken up bj a tie 
beam, will act directly agaiibt 
the abutments. 
Inverted king-post. — If the king-post truss be inverted, 

and supported at the extrem- 
ities (Pig. 166), the ainonntof 
strain on each piece will be 
the same as before. The 
strains, however, will be re- 
versed in kind ; that ou the 
beam, and that on the king-post, being compression, and those 
on the braces being tension. 



FINK TRUSS. 

449. Fink truss. — ^This is the name by which a truss de- 
vised by Mr. Albert Fink, civil engineer, is generally known 
(Fig. 167). It consists of a combination of inverted king-po^^ 
trusses, as shown in the figure. There is a primary trnss? 
A B ; two secondary ones, A K C and C L B ; four terti^ 
ones, A P D, D M C, etc. 




Fig. 166. 




K 



M N 
Fig 167. 



lie 
The load may be upon the upper or the lower chord, as ^ . 

circumstances may require, xhe strains on the diflFer^^ i 

parts are easily determined, when the weights to be plac^^ 

upon the bridge are known. ^ 

If the load should be on the upper chord, there would ^^\ 
no necessity for a lower chord, so far as strength is co^^ 
oerned. . 

450. Bollman truss. — If the braces all pass from the fo^^ 
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of the posts to the ends of the chord, as in Fig. 168, the truss 
thus formed is known as BoUman's truss. 




Fig. 168. 

The calculations for the strains do not differ in principle 
from those in the preceding case. It is observed that the ties 
are of unequal lengtli in each of the triangular frames of this 
truss ; excepting the one at the middle post. 

There is no necessity, as in Fink's, for a lower chord if the 
load is placed above the truss. 

From the fact that they need but one chord, both of these 
constructions are frequently called "trussed girders," to 
distinguish them from the ordinary bridge-truss, which, by 
the definition given for a truss, requires two chords. 



I. The Triangular System. 

451. The term, triangular truss, is ordinarily used to de- 
signate a truss whose chords are connected by inclined braces, 
80 arranged as to divide the space between them into isos- 
celes or equilateral triangles, as shown in Fig. 169. 




As 



A* * As 
Fro. 169. 



Aa 



In the isosceles bracing the braces are generally arranged 
80 as to make an angle of forty-five degrees with the vertical, 
although sometimes other angles are used. 

When the triangles are equilateral, the truss is known in 
England and in the United States as the "Warren girder," 
and in other countries as the " Neville." 

Tlie strains on this truss may be determined by the method* 
given in Arts. 260-1-2, or they may be determined b^' using 
the reactions of the points of support when these reactions are 
known. The following is an example of the latter method. 
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452. Let it he required to determine the strains jprodneed 
upon the different parts of a triangular truss by a weight 
supported at the middle point of the t?*'uss. 

The truss is supposed to be resting on firm points of snp- 

f)ort at its ends, these supports being in the same horizontal 
ine. 

Eepresent by (Fig. 169), 

2 W, the weight resting on the truss at the middle ; 

Ri II2, the reactions at the points of support ; 

a, the angle Ri A^ Bj between the brace and a vertical line. 

Since the load is at the middle, the reactions due to it are 
Ki = W, and R, = W. 

The strains in one half will be equal to the corresponding 
strains in the other half. Take the right half, as shown in the 
figure, and on R, = W, as a resultant, construct a parallelo- 
gram of forces, the components of which are in the directions 
of the pieces, A^ B, and A^ A,. These components will be 

respectively equal to and W tan a. Going to B,, and re- 

solving into two components, one in the directioi^ ^*- 

cos a 

Bj B„ and the other in the direction of B^ A,, their val*^^ 

will be 2W tan a and Performing the same operat^^^^ 

cos a 

at A„ for the components in the directions of A, A, and ^ 

B„ there are found the same values just determined, 2W ta^^ ^ 

and . At B„ A,, B„ etc., until the point of applicat^- 

cos a 'W 



of the force is reached, similar expressions for the strains 

be found. ^^.-r::^ 

Hence the strain on B, B, is equal to 2W tan a ; on B, ^^^\ 
this same amount is increased by that on Bj B„ or 4W tan^^«- 
for the strain on B, B, ; on B, B^, 6W tan a., etc. The stra^ ^ 
on Aj A„ is W tan a ; on A, A„ it is 2W tan a increased 
that on A, A„ or in all, 3 W tan a ; on A, A^, 5W tan a, etc. 
On the braces there is no increase as we pass from one 

. W 

another, but the strain is the same for each, viz., . 

cos a 
An examination of the forces acting will show thr"^' 




nature of the strain in each piece. The direction of th 
component of the reaction along the axis of the chord i 
towards its centre or middle point ; the strain is thereforc^^ 
one of compression, and increases from each end toward ther 
middle. 
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On the lower chord, the strain is in the opposite direetion, 
and is therefore tensile, increasing in amount towards the 
centre, as already shown. 

In the right half of the truss, the strain on the brace A^ B^ 
and on those parallel to it, is compressive ; on those not par- 
allel to it, the strain is tensile. 

The pieces of the other half are strained in a similar man- 
ner; on the corresponding pieces, the strains are equal in 
amount, and they are also of the same kind on the braces, 
being tensile in those parallel to the brace A^ Bi, and com- 
pressive in the others. 

It will be noticed that these results arc identical with those 
already obtained in Art. 260. 

In the above example, the load was placed at the middle 
point of the truss, but if the load had been placed at any other 
point, the process used to obtain the strains would be the same ; 
it would only be necessary to find the coiTCspouding values for 
Ri and Rj, and substitute them in the foregoing expressions. 

453. Let it be required^ to detei^mine the strains produced 
upon the parts of this truss by a uniform load distributed 
over the lower chord. 

The effect of the uniform load upon the truss may, without 
material error, be considered to be the same as that produced 
by a series of weights acting at the points Ai, Aj, Ag, A4, 
etc., each weight benig equal to that part of the uniform 
load resting on the adjacent half segments. 

Denote by n the number of these points thus loaded, and 
by 2yz?, the load at each point. 

Their total weight on the chord will be ^nWy and the 
reactions at the points of support due to them will be, at each 
support, equal to nw. 

To determine the strains, proceed as before. Construct 

the parallelogram on Ri = nw^ and determine the strains on 

n'uj 
k* Ao and A, Bi, which are found to be nw tan a, and . 

' cos a 

Going to Bi, the strain on B| B2 is 2nw tan a, and that on 

nfjo 
Bi A, is . At A2 the components of 2i^, acting at this 

cos CL 

point in the direction of A2 Ag and A2 B2 must be subtracted 
from those of the transmitted forces along these lines. The 
strain on A, A3 will therefore be ^nw tan a — 2m7 tan a = 
2(n —Vjw tan a. To this must be added the strain already 
determined on Ai A2, which gives the total strain on A^ As to 
be W [n -f 2 (71 — 1)] tan a. 
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The strain on A^ B, is , which may be written 

cosa cosa 

^^ — . Going to B,, the strain on B, B^ prodnced by the 

cos a 

strain on the brace A^ B^ is 2(n — 2) t£7 tan a, to which the 

strain on Bi B, is added, making the total strain 2{n—2)w 

tan a + 2nw tan a, and which may be written 4(n — 1) u> 

tan a. The strain on B, A^ is the same as that on A^ 82, or 

(» — 2)w 

cos a 

It is plain that the strain on any segment of the upper 
chord is obtained bv adding to the strain transmitted to it, bv 
the brace with which it is connected, the respective strains od 
each of the segments preceding it; and that the same law 
obtains for the strains on the lower chord. 

It is to be noticed that the strains on the first pair of braces 
are the same in amount but different in kind, being compres- 
sion on the first and tension on the second, as in the last case; 
that the amount on the next pair differs from that on the 

2w 

first by ; that the strains on tlie third pair differs from 

•^ cosa' ^ 

the second by the same quantity ; and hence, that the strain 

on any pair may be obtained when that on the preceding one 

is known by subtracting from it. It is noticed that those 

•^ " cosa 

bracts whose tops incline towards the middle point of the 

ti-uss are compressed, while those that incline from it are 

extended. 

It is seen that while the strains on the braces decrease from 
the ends towards the middle, that it is tlie reverse for the 
chords ; in both the upper and lower, the strains increase 
from the ends to the middle. 

The strains thus determined may now be written out, as 
follows : 

1. The compressions on the braces, ^^ B„ Aj Bj, A« Bj, etc, 
are 

nw {n — 2)w {n — 4:)w (n — 6)w 

cos a' cos a ' cos a ' cos a ' 

2. The tensions on the braces, Bi A2, Bj As, Bj A*, etc, aro 
the same in amount, viz., 

nw (n — 2)w (n— 4) v> 
■ ^2 ^ . 1 — etc* 

cosa' • cosa ' cosa * ' . 
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3. The compressions on the segments of the upper chord 
are, for Bj Bg, B, Bg, Bg B4, etc., 

2nw tan a, 4(n —l)w tan a, 6{n — 2) «/? tan a, 8(ri ^S)w tan a, 

etc. 

4. The tensions on the segments of the lower chord are, for 
Aj Aa, Aj Ag, Ag A4, etc., 

nw tan a, [n +2 (w — 1)] to tan a, [/i+4 (ti — 2) w; tan a, 

[n+Q (n — 3)'\w tan a, etc. 

General term. — By examining the expressions just ob- 
tained for compression on the segments or the upper chord, 
it is seen that a general term may be formed, from which any 
one of these may be deduced upon making the proper substi- 
tution. Let the segments be numbered from the ends to the 
middle, by the consecutive whole numbers, 1, 2, 3, 4, etc., 
and represent the number of any segment by m. Then, 

2m (n — m-^l)w tan a, 

will be the general term expressing the amount of strain on 
the m^^ segment. 

It is seen that the term, 

[n + 2{m — l){n — m + l)']w tan a, 

will represent the amount of tension on the m^^ segment of 
the lower chord. 

The value of m = — - — , corresponds to a maximum in the 

first expression, and upon substitution gives i{n+iy wttina for 

„ I o 

the' maximum compression. The value of m =: —5—, corre- 
sponds to a maximum in the second, and upon being substi- 
tituted in it gives i[ (n + 1)' —l]w tan a for the maximum 
tension. The quantitv, n + 1, denotes the number of bays in 
the lower chorcf, which if we represent by N, the expression, 

iN' w tan a, 

will very nearly correspond to the maximum tension or com- 
pression upon the chords. 

Strains on the chords. — The strains on the chords vary from 
segment to segment, but are uniform throughout any one seg- 
ment. If the segments were infinitel v short, the strains in that 
case would be a continuous function of the abscissa, and the rate 
of increase could be represented by the ordinates of a pambola. 
Supix)se a vertical section made at any point, as B4, and take 
the middle point of the bay A4 A5, as a centre of moments. 
22 
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From the principle of moments, there must be for eqnihl)- 
rium, 

or 

toe* — 2Ri X 



Cx = 



in which x is the distance of the centre of moments from Ai; 
G, is the strain on the upper chord at B4 ; d the distance be- 
tween the axes of the chords ; w the uniform load on the 
unit of length ;* and Ri the reaction at the point of support Aj. 
This is the equation of a pambola whose axis is veitical and 
whose vertex is over the middle of the bridge. 

Remark. — The usual method of computing the strains 
upon the pieces of a truss is that of adding and subtracting for 
each consecutive piece, as shown in the previous methods for 
calculating strains. General formulas are used in connection 
with these methods to check the accuracy of the computa- 
tions. 



n. The Panel System. 

454. If the ties of the triangular truss be pushed aronnd 
until tliev are vertical, we shall have the method of vertical 
and diagonal bracing referred to in Article 263, and the re- 
sulting truss will be a type of the system. In England this 
truss is frequently called the trellis girder, and in France 
the American beam. (Fig. 170.) 
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Fig. 170. 

The methods already given for the determination of the 
strains on the parts of a Warren truss, and on a frame where 
vertical and diagonal bracing is used, can be applied to this 
truss. 

The space included between any two consecutive verticals 
is known as a panel ; hence the name of the system. 

Diagonal pieces, as shown by the dotted lines in theiignre, 
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called counter-bitices, are generally inserted in each panel. 
Their particular use will be alluded to in another article. 



The Qiieen^ostf or Trapezoidal Truss. 

455. This is the simplest truss belonging to the panel sys- 
tem, and is much used in bridges where the span is not greater 
than forty or fifty feet. Its parts are most strained when 
the load extends entirely from one end to the other. Suppose 
this load to be unifornoly distributed over the lower chord, 
Aj A4, and represent by (Fig. 171), 

Z, the length of the segment A^ A3 ; 

Wy the weight on the unit of length ; and by 

a, the angle of R^ A^ B^, 




Fig. 171. 



Since the segments A^ Aj, Aj As, As A4, are ordinarily equal 
to each, other, 31 will be the length of tlie lower chord, and 
8wl will be the total load on the truss. The queen-posts are 
framed into the lower chord ; the latter, therefore, lias four 
points of support. Supposing the lower chord to be a single 
beam, or so connectecl as to act like one piece, each post 
would sustain \j^ of wl. Each weight is transmitted to the 
upper end of its post, where it is held in equilibrium by two 
forces, one acting in the direction of the inclined brace, and 
the other in the direction of the chord B^ B^. The components 

along Bi Ai and B, Aj are each equal to 44 and those 

cos a, 

along Bi B) are equal to {iwl tan a. The two latter balance 

each other, producing a strain of compression on the upper 

chord. The other two produce compression on the braces, 

which, transmitted to the points of support, causes a strain of 

tension on the lower chord and a vertical pressure on the 

points of support. Knowing the amount and kind of strains, 

the dimensions of the pieces can be calculated. 

Instead of considering the lower chord as a beam resting on 

four points of support, it is more usual to consider that one- 
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third of the entire load is held up by each post, and one-eizth 
at each point of support at the ends ; or, if the segments are 
unequal in length, to consider the weight held up by each 
past to have the same proportion to the whole load that the 
segments have to the entire length of the cl)ord A^ A4. The 
remarks made upon the inverted king-post truss will apply 
to this frame, if inverted. 

The queen-post tniss, in its present shape, will not change 
its form under the action of a load uniformly distributed over 
it; when loaded in this manner, the truss is said to be 
balanoed. If, however, the load be only partially distributed 
over it, so that the resultant acts through some other point 
than the middle of the truss, the truss may become distorted 
by a change of figure in the parallelogram AjBiBjAj. The 
truss is then said to be unbalanced. 

Sometimes, a certain amount of stiflFness in the joints and 
of resistance to bending in the pieces, give sufficient rigiditj* 
to the truss, and may be relied upon to prevent distortion 
under light loads. 

As the load moves from one point to another, a chansfe of 
fohn will generally take place, due to the elasticity of the 
materials 01 which the frame is made and to the imperfection 
of the joints. To prevent this change of form, diagonal 
pieces are inserted, as shown in the dotted lines of the figure. 
The truss is then said to be thoroughly braced. 

A truss is said to be thoroughly braced when the parts are 
so arranged that no distortion takes place under the action of 
its usual load, whatever may be the position of the load. 

A truss may be distorted and even broken, by an excessive 
load, notwithstanding the use of braces, but this distortion i& 
excluded by the definition of a frame, given in Art. 230. 

In the calculations to determine the strains, the material 
of the truss is considered rigid and the joints perfect 



ni. The Bo'W'string System. 

456. The common ho-wstring girder is one in which the 
upper chord is curved into either a circular or parabolic fonn and 
has its ends secured to the lower chord, which is straight (Fig* 
107). The horizontal thrust of the upper beam is received by tto 
lower chord ; the latter therefore aets as a tie, and as a conee* 
quence, the reactions at the points of support are vertical. The 
intermediate space between the bo^jor and tlie string is filled with 
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a. diagonal bracing, either of the triangular or panel systems, 
for the purpose of stiffening the truss. 

The maximum strains in the chords will be found when 
the truss is uniformly loaded. This load may rest directly 
upon the lower chord or be suspended by vei-tical ties from 
tlie npper one. 

Wliere the span is of considerable lengtli, the usual practice 
is to form the upper chord of a number of straight pieces, 
the intersections of whose axes aue in the curve or the bow. 
(Fig. 172.) 




Fig. 172. 

To find the strains produced upon the parts ot a tniss be- 
longing to this system, by a uniform load resting on the lower 
chord, which is connected with the upper one by vertical ties 
dividing the truss into an even number of panels of equal 
horizontal length, represent by 

2a, the length of the lower chord ; 

fy the rise of the curve, or depth of the truss at the centi'e ; 

to, the weight on the unit of length of the lower chord ; 

Pi, the strains on pieces of the npper chord ; and 

Ti, the strain on tne lower chord. 

Take the origin of the co-ordinates at Ai, the axis of X coin- 
ciding witli the axis of the lower chord, and Y perpendicu- 
lar to it 

Disregarding the braces, and supposing the lower chord 
cut in two on tne left of Ag and very near to it, the truss will 
tend to turn about Bg. 

Taking the moments around this point, their results 

TixA3B. = R,aj- — = — (2a-(»), (165) 

05, representing the distance AiAg. 

Taking the curve containing the intersections Bi, Bj, B3, etc., 
to be a parabola, its general equation when referred to the 
vertex and tangent at that point is 

a? = 2py. 



842 CIVIL ENOINEEBINa. 

The vertex being the origin, the value of y =y^ gives 
» = ± », or 

whence, 

which being substituted for 2p in the equation of tiie para- 
bola, gives 

a^ f 

^ = "^.y? or y = ^a?, . . . (156) 

Placing the origin at Ai, the equation of the curve will 
be 

y = ^(2t^-a?). . . . (157) 

Since A3B3 is equal to y, for the value of x equal to AjAi, 

tliere follows from the substitution of this value of A,B,, in 

equation (155), 

wx {2a - x) yya^ 
T,= — -^^=:--^, . . (158) 

Ilonce, the strain on the lower chord, produced bj auni- 
forni loud, is constant throughout. 

It is observed that this is the same value obtained for the 
horizontal component of the thrust in Art. 228. 

In the same section, taking the moments around As, the 
levor arm of the stmin on BjBs, is k^n\ drawn perpendicular 
to the piece and through tlie centre of moments. 

There I'esults 

'VOX 

Pi X Asm = — (2a - a;). . . (159) 

Thix)ugh B^, draw a straight line parallel to the lower 
choi»d. From the triangles BgBg^ and AsBjTti, we have the 
pn>p<.>rtion, 

B2B3 : B2i> : : A9B5 : Agm. 

The first term of this proportion is the length of the piece 
of the upjM^r cIiorI in this panel, and varies in length for each 
panel f ix)m Aj to the centre. The second tenn is the hori- 
Kontul length of the panel and constant. Representing the 
former by %\ and the latter by /, and substituting in the above 
pix>j>ortion, we obtain 

v\l\\y\ Agm. .-. A37/1 = y -, 
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or A f ,r. K I 

Agm = ^ « (2a — a? ) — . 
or ' V 

Subetitiiting which in equation (159), we get 

j-^jf- m 

This shows that the strain is independent of x and depend- 
ent upon V the only variable present, and that it increases as 
V increases, or is greatest at the points of support. 

Suppose a brace to be inserted in this panel, joining Aj 
and Bg, or Bj and A3. A section taken miaway between Ajj 
and A3 would cut the upper chord, the lower, and the brace. 
For an equilibrium, the algebraic sum of the horizontal com- 
ponents and of the vertical components of all the forces must 
be separately equal to zero. 

Represent the strain on the brace by F, and the angles 
made by the brace and the piece B3 Bs of the upper chord 
with a vertical, by a and y8, respectively. 

The first of these conditions of equilibrium can be ex- 
pressed analytically, as follows : 

Pi sin /3 - F sin a - T = 0. 
But Pi sin /3 = T = ^ ~, hence 

F sin a = 0, or F = 0. 

That is, there is no strain on the brace produced by a load 
uniformly distributed over the truss. 

If the load had been placed directly upon the upper chord, 
there would have been no strain on the verticals. 

If the triangular instead of the panel system had been 
used for the bi-acing, its use would have been simply to trans- 
mit the loads on tne lower to the upper chord. Knowing 
the angle of the bracing, the strain on any brace could be 
easily determined. 

The vertical component of Pi may be obtained as follows : 

Let y' and y" be the ordinates or the lower and upper ex- 
tremities of any piece, as B2 Bg, of the upper chord. 

Let t;, the length of the piece, denote the intensity of the 
strain on the piece, then y" — y' would represent its vertical 
component. 

From the equation of the curve, we have 

j/' = tt a?'' (2a - x'% and y' = ^ a' (2a - a'). 
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But a?" = a?' 4- l, substituting which in the first of these 
equations for ar", and then from this result subtracting the 
second of the equations, we get 

y" - y' = •§ (2« - ar' - Z). 

Representing the vertical component by V, we may form 
the following proportion : 

vir/'-r/ :: Pi: V. 

Substituting for Pi and y"— y', the values just found, and 
solving, we find 

V = I (2a - 2a:' - Z), . . (161) 

for the vertical component 



Other Fortns of Bowstring Trusses, 

457. The common bowstring girder has been used in an 
inverted position by simply tumms^ it over, so that the bow 
was below and the straight chor^ above. This inversion 
causes no difference in principle, the amount of strains on 
the different parts remains the same as before ; the kinds of 
strains are changed, being compression on the straight chord 
and tension on tlie lower one. 

By combining this inverted with the other truss, that is, 
by making both the upper and lower chords curved, another 
form is obtained. Tliis ari-angement was used by Brunei in 
the Saltash Bridge. 

Where the amount of material forms an important item, 
both in the weight and cost of the structure, as in the case of 
very large spans, the last form can be more advantageously 
used than any of the other forms of bowstring girders. 

The great objection to the bowstring truss, compared vrith 
those of the other systems, is the inferior facilities it affords 
for lateral bracing. 

Compound Systems. 

458. If two or more of the trusses already described 
be combined, there is formed a class known as com- 
pound trusses. This term is sometimes limited to a com- 
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bination made of two or more of different systems, partic- 
ular names bein^ given to those made of the same system. 

As they can be always resolved into their simple parts, 
there is no need of a separate classification except for des- 
criptive purposes. 

459. Lattioe truss. — If the segments of the simple trian- 
gular bridge truss (Fig. 169) be bisected, and braces inserted 
in the intervals thus lormed parallel to the braces already 
used, a truss similar to that shown in the Fig. 173 is formed. 




Fig. 178. 

The dotted lines show the intermediate braces. This is 
called a double triangular truss, although sometimes it is 
known as the half-lattioe. 

By dividing the segments into three, four, or more equal 
parts, and inserting a corresponding number of braces, the 
triple, quadruple, etc., triangular trusses are formed. They 
are generally known as lattice trusses, or girders. 

To determine the strains on a truss of this kind, it is usual 
to consider the truss as composed of two, three, four, or mc»re 
simple triangular trusses, as the case may be, and find the 
strains on each one separately. These are then added and 
the strength of the truss considered as that of the whole com- 
bined. IJnder this supposition, the braces are regarded as 
separate from each other, and only fastened at their ends. 
In fact, they are generally fastened together at their inter- 
sections, which adds to tne strength of the combination but 
complicates the problem of finding the amount of strain on 
each piece. 

A subdivision of a truss of the panel system, and putting 
in another set of panels of the same size, will give a compound 
truss which has been much used. A calculation of the 
strains is made in the same way as that just described. 

Strains Produced by a Moving Load. 

460. Loads placed in particular positions, or stationary loads, 
have been the only forces considered in the previous examples. 
As a bridge affords continuous roadway between two points^ 



OVIL EXGESEEBOmC 



J3j iz£ nse the en^iikeer is eoAbled to make an independent 
iiive>::^;aii«i& of the str&ins and to test the accaracv of his 
(AhiiiLSiZioni bjr a com(:«rIsOQ of the results obtained throoj^ 
two iQde{.*erid6iit rneth«jd?- 

The i^raphical method is based on the simple principles 
xoach uaCfi io mechanics : thai a fiiroe may be represented bj 
a fltraigiit line ; that the f urue is oompletely given when 
the length of the line, its direction, and point of applioar 
tion are known ; and that if t^iro forces having a common 
p>int of ai/plit.-atiun are given, that a third force may be 
detenained, which acting at the common point will pruduoe 
the same effisct as the two acting siomltaneously. This 
third force is determined bv the ose of the principle of tbe 
- f^arallelfjgram of forces.'^ 

4*j-L Two forces having a common point of applica- 
tion. — Suppose two forces. Pi and Pf, acting at the point A| 
(Fig. 174). 

From anv assamed point, as 0, draw a right line parallel 
to the direction of the force P^, and lay off on this Une, ao* 
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cording to some assumed scale, the distance M, to represent 
its intensity. Fi*om the end, M, of the distance just drawn, draw 
the line M N parallel and equal to Pj. Join N and by ft 
straiglit line, and N will be parallel and equal to the result- 
ant of Pj and Pa- Its intensity can be obtained by measuring 
the distance N with the same scale used to lay off M ana 
M N. 

If a force equal to and parallel to N acts from Aj up- 
wards, there would be an equilibrium among the three forces 
at Ai. It therefore follows that if three forces at any point 
are in equilibrium, the three sides of a triangle, which ate 
respectively parallel to the directions of these forces, maybe 
taken to represcjnt their intensities. 
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Assume any point, as C, and from it draw to the extrem- 
ities and N of N, the right h'nes C N and C 0. These 
distances, C N and C 0, may be taken as the intensities of two 
components which, acting at A^ in directic»n8 parallel to these 
lines resj^ctively may be used to replace the resultant, N. 

And m general, any two right lines drawn from any as- 
sumed point, which may be called the pole, to the ends of 
tlie straight line representing a force, may represent the com- 
ponents of that force. 

465. Any number of foroes in the same plane having 
a common point of application. — AVhatever be the number 
of forces acting at Aj, the right lines representing them in in- 
tensity, if drawn parallel to their directions and in (jrder, 
either from the right to the left or the reverse, each from the 
end of the other, will form a polygon whose sides may be 
taken to represent the forces, acting at A,. 

If the last line drawn terminates at the starting point of 
the polygon, the forces are in equilibrium ; if not, tlien the 
right line drawn, joining the extremity of the last side with 
this point, will represent the force, which, behig added to 
those acting at A^, will produce an equilibrium. 

It is evident that if a diagonal be drawn in this polygon, it 
may be taken as the resultant of the forces on either side of 
it and may be used to replace those forces. 

The polygon constructed by drawing these lines parallel to 
the forces is called the ^'fbrce polygon," and when it ter- 
minates at the point of beginning, the polj'gon is said to be 
" closed." 

If the forces act in the same straight line, the polygon 
becomes a right line. 

466. A system of forces in the same plane "with dif- 
ferent points of application. — It will only be necessaiy, in 
this case, to produce the lines of direction until they inter- 
sect. It is then the case just considered. It may be that 
the point of intersection will not be found within the limits 
of the dmwing. Under this supposition, a point of the re- 
sultant may be determined as follows: 

Let Pi and P2 be any two forces which do not intersect 
within the limits of the drawiiig, their points of application 
being Ai and A3 respectively. (Fig. 175.) 

Draw M and M N, respectively, equal and parallel to P^ 
and P2. The line N will give the direction and intensity 
of their resultant. From any point, as C, draw the right 
lines, C and C N, . These are the components which may 
be taken to replace N. Assume any point on P^, as a 
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and draw through it the lines, ac and ab parallel to C and 
M C, respectively. Where aJ intersects P2, as at J, draw ba 
and be parallel to C M and N C. Produce the lines an and 
be until they intersect. Their point of intersection will be 
one point of the resultant, which can now be constructed. The 
same method holds good if the forces ai-e parallel. If there 
were more than two forces the same method can be used. 




Pro. 175, 

If perpendiculars are let fall from the point of intersec- 
tion, c, upon the directions of the forces Pi and P2, it can 
be easily shown that they are to each other invei-sely as the 
forces. That is, if the perpendicular let fall on Pi is repre- 
sented by j9', and that on Pg hyj>'\ that there is the following 
proportion : 

i>' : y : : P2 : Pi. 

This is also true for the perpendiculars let fall from any 
other point of the resultant. 

467. Parallel forces. — The principal forces acting on en- 
gineering structures are due to the action of gmvity, and in 
these discnssions such forces are taken as parallel and vertical* 

Let Pi, P2, Ps, etc., be a system of parallel forces acting at 
the points Aj, Aj, Ag, etc., in the same plane. (Fig. 176.) 

Lay off from 0, on a straight line parallel to Aj, Pj, the dis- 
tance 1 equal to its intensity, and from 1 to 2, the inten- 
sity of P2, and then from 2 to 3, the intensity of Pg, eta. The 
straight line of 5 will be the force polygon, and in this 
case equal to the resultant, as all the forces are acting in the 
same direction. From any assumed point, c, as a pole, draw 
straight lines to 0, 1, 2, 3, etc., or extremities of the forces 
just laid off on the line 5. The perpendicular, C H, is 
called the " pole distance." Assume a point on the the right 
of Pj, as a, and through it draw a straight line parallel to C> 
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Prom the point J, where this line intersects P^, or P^ pro- 
duced, draw a line parallel to C 1, and from tHe point where 
this intersects P2 produced, draw one parallel to C 2, etc., 
until lines parallel to all the lines drawn from C have been 
drawn. 

These forces P^ P2, etc., may be supposed to act at these 
points, 5, Cj dy etc. If the points a and g are fixed, and the 
others are all connected by flexible cords, the whole arrange- 
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ment would form a funicular machine or polygon. The 
three forces acting at any one of these points are represented 
by the three sides of a triangle, and are therefore in equilib- 
rium. The broken line, a, h, c, d, e,f, g, thus formed, is called 
the *^ equilibxium polygon." 

If ab and gf be produced until they intersect, their inter- 
section will be one point of the resultant of the system of 
forces, and the resultant may at once be constructed. 

468. Suppose ag to be the axis of a benm resting in a hori- 
zontal position upon two points of support at a and g, and 
acted upon by a system of forces whose resultants correspond 
in direction with those of the forces Pi, P2, Pa, etc. In order 
that an equilibrium should exist, there must be vertical reac- 
tions acting upwards at these points, a and y, and their sum 
must be equal to the resultant. Represent these reactions by 
Ri and Rj. If the resijtant passes through the middle point 
of this line, ag, that is, if the forces are distributed symetri- 
cally with respect to the middle point, the reactions will be 
equal to each other. 

Examining the equilibrium polygon, it is seen that the result- 
ant of Pi and Pa must pass through the intersection of ab and 
cd; that die resultant of Ri and Pj, through the intersec- 
tion of aa and be ; of Pi, P2, and P3, through the intersection 
of ab ana de'y and so on. A simple inspection of the force 
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polygon will give the direction and intensity of any of these 
resultant?. • 

469. Bending moment of any seotion, and the shear- 
ing strain.— I^t it be required to determine the bending mo- 
ment and the shearing strain on any section of a beam rest- 
ing on two points of support and holding np four unequal 
weights at unequal distances apart. 

Theorem. — The moment of a force^ around any centre 
is eqicdl to the ''pole- distance " mvltiplied by a straight line 
draxoii through this centre parallel to ike force and lirait4d 
hy the components of the force. 
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Let the force, P (Fig. 177), be resolved into any two com- 
ponents, aCi and aC^^ which are represented by the right lines 
C 0, C P, drawn from the pole to the ends of the fon^e in the 
force polygon. The moment of P with respect to any point, 
as J, is P X ah. From C2 draw the line C2JP, perpendicular to 
P. This is equal to the " pole distance,'' which represent by F. 
Through h di-aw al parallel to P, and limited by C^ and C^ 
produced. From similar triangles, the following proportion 
18 obtained : 

P:H::cc?:aJ, or PxaJ = Hxc*:?, 

which was to be proved. 

In Fig. 178 the bending moment at 0' is Rj x A 0', which, 
as has just been shown, is equal to II x ©pi ; at 0" the beiidiug 
moment is E, xAO"— WiXA'O". The components of Wi 
are ah and be. Hence the moment of Wj at 0'' is H x p'l j>'/i 
and the total moment is H xp'p\. 

And as this is true for any section, it is seen that the bend- 
ing moments are proportional to the ordinates drawn from 
the closing line to the sides of the equilibrinm polygon. And 
at any section, it is equal to the product of H and the ordin- 
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ate of the eqnilibrinni polygon corresponding to the section 
under consideration. 





The ordinate is measured by tlie scale nsed for the eqiiiltb- 
riam polygon, and the pole distance, 11, by the ecale for the 
force polygon. These may be drawn on the same or different 
Bcales, whichever id the moat convenient. 

Representation of the Bhearing strain. — The shearing 
force between Ri and W„ is Ri. At W,. the shearing force is 
R,- W, ; at "VV^ it is R,- W, - Wj, etc. Hence, the line, E,, 1, 
2, S, etc, represents graphically the shearing forces for all 
parts of the beam. 

Ad examination of the figure shows that the shearing force 
is greatest whore the bending moment is tlie least, and the 
reverse. 

470. Couplea. — It has been assumed, in the previona dis- 
cnssioiiB and examples, that the forces were in equilibrium, 
or by the addition of a single force an equilibrium could be 
'''.ablished. 




Fig. its. 



If two forces form a oouple, they cannot be replaced by a 
auigle force. Let Pi and P, be a couple (Fig. 179), and 013 
the force polygon, 

as 



I 



It h «eeQ that this f->roe prJTsoo doses, dot is* die md^ 
act Is xer>. Fpjcn anv f<iint c^olP- drmv of and a& paimHdts 
C O mcd 1 C. At i, wiiere €ii^ intefsecG P, or P, prodocedi 
draw Iine< parallel to C 1 andiC. The lines «er and da are pl^ 
alieL Therefore the eqailibnimi poijgoD will not close, or the 
Hues will intersect at an i&dnite distance. A resoh whiek 
was to be expected. (Art 9S. Anahrtkal MechaBicBb) 

The fignre sbow^ that the oxnpoiiait$ of the forces P] toi 
P^ wfai<£ act in the direction of the line <ii, are equal tod 
directlT oppc«ed to each other, and that the other two lit 
parallel, forming a o>opleL Hence, it is conclodcd that I 
Oi>apIe can be replaced br another without ritanging then^ 
tion of the ffirces. 

Frrrtn what has been shown, it is evident that if both tb 
force and eqailibriam prdvgon cluse, that an eqnilibriiun exiii 
amon^ the forces. Bat if the force fiolygon closes and dtf 
eqnilibriam does not, that the forces cannot be rej^aoed by* 
single force, bat onlv bv a couple. 

471. Influeace of a couple.— Let A B (Fig. ISO) beabetn 
supported at its ends and acted upon by the csoaple PiFh 
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Omstroct the force |x>lygon, 12, and from a pole, C, 
dmw the lines C 0, C 1, and C 2 to the endsof the forces on the 
polygon. From an assumed f)oint, a, on a f>erpendiculsr 
through A, draw ai parallel to C. Througli its intersection 
with Pi produced, draw be parallel to 1 C, and from its 
intersection with P^, draw ed, parallel to 2C. Join a and A 
and thip will be the closing line of the polygon. Parallel to 
this line draw Cg in the force pol^'gon. An exHTnination of 
the force polygon shows that ^ is the vertical reaction act- 
ing upwards at A, which, with the component Cg^ may be 
used to replace the force C or ab. 

The orainates drawn from the dosing line, orf, npon the 
sides, abj bOy and ad, represent the law oi change in the mo- 
ments. 
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In the preceding examples the force polygon has been given, 
fr «md from it the equilibrium polygon has been constructed. 
* Xnversely, the equilibrium polygon being given, the force 
f polygon is easily constructed. 

472. From the preceding demonstrations, the following 
^ theorem may be enunciated : 

? Theorem. — If straight lines he dravm through amy as- 
k mumed point pa/raUel to the sides of a polygonal fra/me^ then 
fc the sides of any polygon whose angles tie on these radia/tinff 
p Ufus may he taken to represent a system, of forces whichy if 
t wplied to the anaidar points of tAe frame, will he in equi- 
t USrium am^ong themselves. And the converse, that if a sys- 
tem of external forces acting at the angles of a frame are in 
t e^niiihriumj that from an assumed point drawing straight 
c lines pamllel to the sides of the frame, and then parallel to 
the directions of these forces drawing straight lines whose 
" BQccesfiive intersections are on the successive radial lines, the 
distances cut off hy the second set will represent the strains 
I ^^9k the corresponding sides of the frame. 

Xet ABC (Fig. 181) be a triangular frame acted upon at 
the Doints A B C by a system of external forces which are in 
^nuibrium. Let Pi P2 Pg be the resultants of the forces act- 
^^g at these points, and suppose that these resultants are in 
tiie plane ABC. 

From an assumed point, P, draw the straight lines, P 1, P 2, 
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and P 8, respectively, parallel to the sides A B, B C, and C A. 
Through an assumed point, as 0, on the line P 3, draw the line 
M parallel to the direction of the force Pi, and from its point 
of mtersection with P 1, draw the line M N parallel to the 
force Pf. 

Join N and by a straight line, and this will be parallel to 
the force P,. The triangle, M N, will be the force polygon. 

The distance, P 0, will measure the force acting along the 
piece AC ; P M, that along A B ; and P N, that along B C. 
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If the exterhal forces are parallel die polygon becomes a 
straight line, which will be divided into segments by the lines 
drawn parallel to the sides of the frame. JEach segment will 
represent the external force acting at one of the angles of 
the frame, and the distances cut off will represent the forces 
acting along the adjacent pieces. 

An application of these principles will enable the stadent 
to determine graphically the strains on the different parts of 
a frame, and test the accuracy of calculations already made 
by other methods. 

Working, Proof, and Breaking Iioads. 

473. Ultiniate strength of a structure. — The object of 
the calculations made to determine the strength of a given 
structure is to find the load which, placed on the structare, 
will cause it to give way or break in some particular way. 
This load is called the ultimate strength or breaking load 
of the structure. 

Working load. — As the bridge must not be liable to yield 
or give way under any load which it is expected to cany, 
it is made several times stronger than is actually necessary to 
sustain the greatest load which it will ever have to support 
The greatest load thus assumed is called the -working load. 

The mtio of the breaking load to the working load, or 
"factor of safety," is assumed arbitrarily, limited by experi- 
ence. It is usually taken from four to six for iron, and even 
as high as ten for wooden bridges. It should be large enough 
to ensure safety a<^ainst all contingencies, as swift rolling 
loads, imperfect materials, and p<K)r workmanship. 

Proof load. — Wiien the bridge is completed, it is usual to 
test the structure by placing on it a load greater than it will 
ever have to support in practice. A train of locomotives for 
a railroad bridge, and a crowd of men, closely packed, upon 
an ordinary road bridge, are examples. These loads are 
known as proof loads. 

A proof load should remain on the bridge but for a short 
time, and should be removed carefully, avoiding all shocks. 
Excessive pvoot loads do harm by injuring the resisting pro- 
perties of the materials of which the bridge is built 

Wooden Bridge-trusses. 

474. Both the king and queen-post trusses, as stated in a 
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previous aiticle, ai-e frequently made entirely of wood, and 
are used in bridges of short Bnang. 

A compound truss, entirely of wood, the outline of which 
is shown in Fig. 182, has been used in bridges for spans of 
considerable width. 




The celebrated bridge at SchafThausen, which consisted of 
two spans, the widest being 193 feet, was built upon this 
principle. 

475. Tovm'a lattice truss. — This truss was made entirely 
of wood, and at one time was mncli used in bridge construc- 
tion. It belongs to the triangular system. The chords (Fig. 
183) were built of beams of timber, and frequently of plank of 
the same dimensions as that used for the lattice. They were 
ill pairs, embracing the diagonals connecting the upper and 
lower chords. The diagonals were of plank, of a uniform 
thickness and width, equally inclined towards the veitical and 
)>laced at equal distances apart. They were fastened to the 
chords, and to each other at their intersections, by treenails, 
as shown in the figure. 
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This tmss was freqnently made double. In ease tlie Iat> 
tiees were separated by a middle beam, as shown in the cross- 
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»etdi'in in Fi^. \^. Tlie clK>rd«, instead of h&ag in paim« 
Wdwj niHiU: 'li tJinsc Ixsiiji^, ]>la<»] Bi'de by side. 

Wlicii ttic truu was of i;onai(ler&ble depth, intermediste 
loiiffitu'liriiil IfCitrnH were need tu stiffen the combiiiatitMi, m 
■h'lWii ill thft fiffiire. 

TItiH triiHH jHNweHMid the advantages of s simple airango- 
rntitit of itn partN niid eane of cunstruction. It &lao pcMseBsed 
ttiii diiuitlvii)itu|^» of a waste of material and a faal^ooo- 
iitnir-.tJoii liy wliicli tlie etreiif^h of the trnes depended npoa 
the Htniiif^li and the [wrfect fitting of the treenails. 




ITlH. 1!M — Kri>Rwut» k puwl <>f Loof's tniM 
t and 6. ii|>|wr and 1>>w«t dtMid*. 
C. C nprifh:*. id i<*irt 
0. uua bnK'v& in |«in. 

d, A. cionuw *h<ri« (tt« lai k»T« _ 

>. ). tuvto b<th;s<l npn^luk CHWeed W the ihiwt 

=. f.t> ioA kr» rf iiid wiwL 

tvv. jc»o wsfci '?•.:!!: *r.ci-v'y ot w.xxl. Ir wns v>c* of rne earuief 
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Colonel I^ong, of the Corps of Engineere, United States 
Army, who invented it It was one of the first trusses in 
whim a scientific arrangement of the parts was observed. 
<Fk;. 184.) 

All the timber used in its construction had the same dimen- 
ftions in cross-section. 

• Each chord was composed of three solid-built beams, placed 
tide by side, with sufficient intervals between them to allow of 
the insertion of the uprights. The uprights which connected 
the chords were in pairs, and fastened to the chords by gibs 
and keys. These gibs were inserted in rectangular holes made 
ill the chords, and fitted in shallow notches cut in the up- 
rights. Pieces of wood wide enough to fill the space between 
the beams, about three or four inches thick and two feet long, 
were inserted between the beams of the chords, behind tlie 
uprights, and fastened to the beams by treenails. These were 
for the purpose of strengthening the uprights and preventing 
their yielding at the notches. 

The main braces were in pairs, and were joined to the up- 
rights, as shown in the figure. The counter-braces were single, 
and were placed between the main braces, abutting against 
or fastened upon the upper surface of the middle beam of 
the chords. Generally they were fastened to the main braces 
by treenails at their intersections. 
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477. Burr's truss. — This is another of the earlier wooden 
trusses, much used at one time in the United States. This 
truss (Fig. 186) belongs to a compound system, being com- 
posed of a trass of the panel system, stiffened by solid-built 
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cnrved beams, called arch timbers. These arch timb^s^^ 
were in pairs, embracing the tnuB and Jhstened to it at tB:^^ 
different intersections of the pieces of the trass with tl::^^ 
curved beams, as shown in the ngure. 

478. Other fomis of ij^ooden trusses. — The trasses ^J- 
ready named maj be considered as the typical ones. Tber& 
are many others, all of which may be referred to one of tbe 
systems already criven, or a combination of those systems. 
fiaapt's lattice, HalPs lattice, McOallam's trass, etc., ai-e 
examples of some of the different forms of wooden bridge- 
trusses. 



Bxidge-trusses of Wood and Iron. 

479. Canal bridge. — ^A trass composed of wood and iron, 
which has been much used for common road bridges over the 
New York State canals, is shown in Fig. 186. 




Fig. 180. 

In this truss, the chords and diagonals are of wood, aad 
the verticals of iron. In some cases, the lower choi-d is abo 
of iron. 

480. Howe's truss. — A popular truss for bridges, both 
coriJiiioii and railroad, and one which has probably been 
used more than any other, is known as the Howe truss. 
(Fig. 187.) 

This truss belongs to the panel system. The chords and 
braces are made or wood, and the verticals of iron. 

The chords are solid-built beams of uniform cross-section 
throughout. 

The braces are also of uniform size, the main braces being 
in pairs, and the counter-braces single, and placed between 
the main bfeces, as in Long's truss. Between the ends of 
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braces and the chords, blocks of hard wood or of cast iron, 
^^erted in shallow notches in the chords, are used as shown 
^ the figure. The faces of the blocks should be at right 
^"^^les to the axes of the braces. 
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The verticals are in pairs, and pass thn)iigh the blocks and 
chords, and are securea by nuts and screws at both ends, or 
by heaids at the ends witn a nut and screw arrangement at 
the middle. By tightening the screws, the chords are drawn 
towards each other, and the reverse. To prevent the edges 
of the nuts from presshig in and injuring the timber, washers, 
or iron plates, are placed between the nut and the w(kk1. 

Where the pressure on the block is great, an iron block or 
other arrangement is placed between the bUx^k on one side 
and the washer on the other, to prevent the block from 
crushing into the chord. 

It is seen that thei*e is an excess of material in some of the 
chords and the braces. The correspr>nding gain obtained in 
reducing the amount of material, by pro|)i>rtioning the piec4» 
to the strains they would have to sni)pi>rt, would not pay the 
cost of extra time and lalK>r recniireo ; these pieces are there 
fore made, as a rule, with a unifonn cross-section. 

There would be a gain if the verticals W4jre proj^'/rtioned to 
the strains which they liave to supiK>rt, instead] of l>eing made 
of uniform size. 

It is observed that the framing is such tiiat the diag^^nahi 
will only take a compressive strain, and the verticals a tensile 
one. 

4»L Pratt's truM.— If the framing of tli« Ilowe trutf 
is changed so that the diag^itiaU will ^/riTy take a tensile strain, 
and the verticali a compressive one, tliere results tlie tniM 
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known as Pratt^s. The ohordsi' and verticals iii this caaeafe 
of wood, and the diagonals are of iron. 

482. There are quite a number of trusses besides those 
just named, which are composed of wood and iron. Thoee 
mentioned are typical ones, and illustrate fully the method 
of combining the two materials in the same structure. 



Iron Bridge-tru8se& 

483. Bridge trusses made entirely of iron are now much 
used. They ai'e made of wrought iron throughout, or of cast 
and wrou^nt iron in combination. Opinions are divided 
among bridge builders as to which should be preferred. In 
the tfiiited States a combination of the two kmds of iron is 
moi-e generally used. 

The trusses made of iron belong to all three of the systems 
before named : the triangular, the panel, and the bowstring 
systems. In the combination, cast iron is used for the mem- 
bers subjected to compression ; and wrought iron for thoee 
subjected to tension. Fink's, Bollman's, Warren's, Jones^ 
Whipple's, Murphy-Whipple, Linville, Post's, etc., are some 
of the trusses made entirely of iron which are most frequently 
seen in use in the United States. 

Fink's truss. — The principles of Fink's truss are given in 
Art. 449. The arrangement of its parts enables the truss to 
resist in the best manner the effect produced by a moving 
load, or by changes of temperature. The lower extremities 
of the verticals being free to move, the verticals remain 
normal to the curve assumed by the chord under the strain- 
ing force, and the distances of their lower ends from the con- 
nection of the ties with the chord remain relatively the 
same. None of its parts are therefore unequally strained by 
the force producing the deflection. 

Bollman's truss. — ITie principle on which this truss is 
constructed is mentioned in Art. 450. In order to avoid the 
ill effects of unequal expansion or contraction of the ties pro- 
duced by changes of temperature, a compensating lint is 
used, by means of which the pin holding the ties is enabled 
to change its position as the ties contract or expand, without 
straining the verticals. 

Warren's truss. — The principle of this truss is explained 
in Ai-ticle 451. It is ordinarily made entirely of wrought 
iron. In some cases the braces are of cast iron, in the form 
of hollow pf liars, witli wrought-iron ties enclosed. The braoo 
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is thus composed oi two distinct parte, and u better suitsd to 
resist tlie straius which it Iiae to Biifitain, 

Jones'B tniflH. — This traea is the Howe truea in principle, 
fil the parte being of irou. 

Whipple's truss. — This tniBB ie oite of the first tisod 
in this country made entirely of iron. It is conijMwod of 
cast aod wi-ought iron ; the former being used for the 
compreEsion membera, and the latter for tlie tenitiun mem- 
bers. 

This trass (Fig. 188) belones to the panel systom. TIio 
upper chord is uBiially made of hollow tubes of cast iron, in 
sections, whose lengths are eaoh equal to a panel distance. 




The lower chord is made of links, or eye-bars, of wrr>iight 
iron, which fit upon cast-iron M'^ks. These bh^clu hold the 
lower ends of the vertical piece*. 

' The vertical pieces are of cast iron, and are so mafle that 
the inclined pieces can pass through the middle of them. 
The parts are frequently trussed by irrjn rods, u> prevent 
bending. 

The inclined pieces are wron^t-irwn rods, and it i« wwti 
that each of them, excepting' thone at the ends, crosKs two 
panels. 

An examination of this trniM rhnw* that the invent/>r has 
considered ewwiomy of material in loaJtirtj; th« verti/«l«, 
strsiB, and the dis^nnaU, ties, fn princJpte it e'>rrftHi>'tii'ta 
with the Pran tnm. 

MoTpby-Wbipfle twum^—Thift I* the Vrxtt tmtw, enrirely 
of in», with some of the derails of Whipple's. 

UnvUle tnisa. — This is Whipple's tnw" made CTitirsly 
of wron^it iron, the verticals fjeing wronght-ir^n tnhnlar 
oolnmne. 

Post!^ tiiHi — This tmns is f-r.mprj8ed of cat* and wr'>ogti* 
iron. Iti pecaliarity lies principally in its ffimf i}"if(. UWy, 
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the struts, instead of being vertical, are inclined ton-ards the 
centre of the bridge, making an angle of about 23° 30' with 
the vertical, as shown in the figure. The ties cross two panels, 
and make an angle of 45° with the vertical. The counter- 
ties make the same angle, but urose onl^ oue panel. 




The inclination given to the stmts was for the unrpoee of 
obtaining the same strength with a less amount of matenil 
than that obtained when the strut* were vertical. 

LatUoe truBBOs.— Lattice trusses, made entirely of iron, 
are frequently used in railroad bridges. They do not differ 
in priuciple n-om the lattice truss made of wood. 



Continuity of the Truss. 

484. Various opinions have been held ae to the advantages 
obtained in connecting the trusses over adjacent spans, » 
that the whole arrangement should act as a single beam. 

If the load is permanent, or the weight of the structore 
is very great, compared with the moving load, it is advisable 
to connect the trusses, so that they shall act as a single con- 
tinuous beam. 

But when this is not the case, the effect of a heavy load i* 
to reverse the strains on ceitaiu members of the trusses over 
the adjacent spans; a result which is to be avoided, and hence 
the trusses are ordinarily not rigidly connected. 
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CHAPTER XV. 



XL— TUBULAR AND IRON PLATB BRIDGSS. 

485. Bridges of this class are made entirely of wronght 
iron. 

A tubular girder is one which is made of iron plates, 
BO riveted together as to form a hollow beam. These giiders 
may be placed side by side and a roadway built upon them, 
forming a simple bridge, which in principle, would not differ 
from the simple bridge described in Art. 435. 

When the tube is made large enough to allow the roadway 
to pafes through it, it is called a tubular bridge. 

The difference in construction between the tubular bridges 
and the tubular ffirdera consists in the arrangements made to 
stiffen the four sides of the tube. 

The three great examples of tubular bridges are the Bri- 
tannia Bridge, across the Jtfenai Straits, in Wales ; the Conway 
Bridge, over the Conway River, in Wales ; and the Victoria 
Bridge, over the St. Lawrence River, at Montreal, Canada. 

The Britannia Bridge consists of two continuous girders, 
each 1,487 feet long, resting on three piers and two abut- 
ments. Each tube is fixed to the central pier and is free to 
move on rollers placed on the other piers and abutments. 
The middle spans are 459 feet each, and the shore spans are 
230 feet each. The bridge is 100 feet above the surface of 
the water. 

The Conway Bridge consists of two tubes, separated by a 
few feet, over a span of 400 feet. 

The Victoria Bridge is a single tube, 6,538 feet long, rest- 
ing on piers, forming twenty-four spans of 242 feet each, and 
a centre span of 330 feet, or twenty-five spans in all. The 
tube is made continuous over each set of two openings, the 
middle of the tube being fixed at the centre pier of the open- 
ing and the extremities being free to move on rollers placed 
on the adjacent piers. 

The centre span is level, and is about sixty feet above the 
surface of the water. From the centre span the bridge slopes 
downward at an inclination of j^. 
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In the Conway and Britannia bridges, the tops and bottoc^^ 
are made cellvZa/r ; that is, the plates are so arranged as ^^ 
form rows of rectangular cells (Fig. 190). The loints of tfi^ 
cells are connected and stiffened by covering plates on tb^ 
outside and by angle-irons within. 




Fig. 190. 
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Fig. 191. 
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The top. A, is composed of eight cells, each of which is one 
foot and nine inches wide, and one foot and nine inches high, 
interior dimensions The bottom, C, is divided into six cells, 
each of whicli is two feet and four inched in width, and one 
foot and nine inches high. These diinensioTis are sufliciently 
large to admit a man for painting the interior of the cells and 
for repairs. 

The sides, B, are composed of plates set up on end (Fig, 
192), their edges adjoining, and connected by means of verti- 
cal T-iron ribs, /*, / (Fig. 190). Tlie horizontal joints of the 
side plates are fastened by covering strips. The connection 
between the sides and top and bottom is strengthened by 
gussets, A, A, riveted to the interior T-irons. 
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In the Victoria Bridge the tov> and bottom, instead of being 
cellular, consist of layers of plates riveted together and stit 
fened by means of ribs (Fig. 191). The 
top, A, is slightly arched, and is stiifened 
by longitudinal T-irons, rf, d, dj placed 
abont two feet three inches apart, and by 
transverse ribs, e, about seven feet apart. 
The bottom, c, is stiffened by T-shaped 
beams, ^, which form the cross-pieces of 
the roadway. 

Erection, — There are three methods 
which have been used to place tubular 
bridges in position : 1, builaine: the tube 
on the ground, and then lifting it into 
place; 2, constructing the tube, and 
moving it endwise upon rollei-s, on the 
piers ; and 3, building it in position on a scaffold. . 

The first of these methods was adopted for the Britannia 
Bridge and the third for tlie Victoria firidpe. 

Camibering. — If the top and bottom of the tube were made 
horizontal, the tube would when placed in position suffer 
deflection at the middle point from its own weight. In order 
that it may be horizontal after it has fully settled in position, 
the tube is made convex upwards. Tliis convexity is called 
the camber of the tube or truss. The expression for maxi- 
mum deflection of a beam in a horizontal position resting 
upon two points of support will give the amount of camber to 
give the tube. The camber given the Britannia Bridge was 
eighteen inches. 

Remark. — Tubular bridges of these types are not now in 
much favor with the engineering profession, and few, if any, 
will ever be built in the future. The same amount of mate- 
rial in the form of a truss bridge will give a 
better bridge. 

4S6. Plate bridges. — If we were to sup- 
pose the top removed from the tubular bridge, 
or to suppose the diagonals of the lattice truss 
to be multiplied until, the side was a con- 
tinuous piece, we would obtain the plate 
girder. In cross-section, the girder is x-form 
(Fig. 193). Its general construction conforms 
to tnat given for the tubular bridge. 

The joints of the flanges, A and B, are con- 
nected by covering plates; the web, C, is gen- *' 

erally of thin plate. The web and flanges are fastened by 



C 







\^ 



869 CIVIL ENGINERBING. 

angle-irons, D, riveted to both of them. The sides are stif- 
fened by T-irons, as in the tubular bridges. 

The advantages gained by using this class of bridges are 
confined to shallow bridges of n moderate span. When the 
span exceeds sixty feet, it is more economical to use (me 
of the iron trusses already named. 



CHAPTER XVI. 
m.— ARCHED BRXDasa 

487. Arched bridges are made either of masonry, of irtm, 
or of steel. 

The form of arch most generally used is the cylindrical. 
The form of soffit will be governed by the width of the 
span, the highest water level during the freshets, the ap- 
proaches to the bridge, and the architectural effect which 
may be produced by the structure, as it is more or less ex- 
posed to view at the intermediate stages between high and 
low water. 

Oval and segment arches are mostly pi*eferred to the fnll 
centre arch, particularly for medium and wide bays, for the 
reasons that for the same level of roadway they afford a 
more ample water-way under them, and their heads and 
spandrels offer a smaller surface to the pressure of the water 
during fi-eshets than the full centre arch under like circum- 
stances. 

The full centre arch, from the simplicity of its construc- 
tion and its strength, is to be preferred to any other arch for 
bridges over water-courses of a uniformly moderate current, 
and which are not subjected to considerable changes in their 
water-levels, particularly when its adoption does not demand 
expensive embankments for the approaches. 

if the spans are to be of the same width, the curves of the 
arches should be the same throughout. If the spans are to 
be of unequal width, the widest should occupy the centre of 
the structure, and those on each side of tne centre should 
either be of equal width, or else decrease uniformly from the 
centre to each extremity of the bridge. In this case the 
curves of the arches should be similar, and the springini; 
lines should be on the same level throughout the briage. 
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The level of the springing lines will depend npon the rise 
of the arches, and the height of their crowns above the water- 
level of the highest freshets. The crown of the arches should 
not, as a general rule, be less than three feet above the higli- 
est known water-level, in order that a passage-way may be 
left for floating bodies descending during freshets. Between 
this, the lowest position of the crown, and any other, the rise 
should be so chosen that the approaches, on the one hand, 
may not be unnecessarily raised, nor, on the othe other, the 
springing lines be placed so low as to mar the architectural 
enect of the structure during the ordinary stages of the water. 

48S. Masonry arches.—- These may be of stone, of brick, 
or of mixed masonry. The methods of construction, already 
described under the heads of Foundations and Masonry, are 
applicable to the construction of masonry arches nised for 
bridges. As the foundations and beds of the piere and abut- 
ments are exposed to the action of the water, precaution 
should be taken to secure them. (Art. 440.) 

Centres. — The centres used should be strong, so as to settle 
as little as possible during the construction of the arch, and 
for wide spans, should be so constructed thut they can be 
removed without causing extra strains on the arch. This is 
effected by removing the centering from the entire arch at 
the same time. Kemoving the centering is termed striking 
the centre. 

In wide spans, the centres are struck by means of an 
arrangement of wedge blocks, termed striking plates. This 
arrangement consists in forming steps upon the upper surface 
of the beam which forms the framed support for the centre. 
On this a wedge-shaped block is placed, on which rests an- 
other beam, having its under surface also arranged with steps. 
The struts of the rib of the centering either abut against tne 
tipper surface of the top beam, or else are inserted into cast- 
iron sockets, termed shoe-plates, fastened to this surface. 
The centre is struck by driving back the wedge block. When 
the struts rest upon intermediate supports between the abut- 
ments, folding wedges may be placed under the struts, or else 
npon the back pieces of the ribs under each bolster. The 
latter arrangement presents the advantage of allowing any 
part of the centre to be eased from the soffit, instead of de- 
taching the whole at once, as in the other methods of striking 
wedges. 

Another method of striking centres is by the use of sand. 
In this method, the centres rest upon cylindei-s filled with sand. 
These cylinders are arranged so that the sand can run out 
24 
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slowly near the bottom. When ready to strike the centre, 
the sand U allowed to run out of the cylinders, and all the ribs 
gradually and evenly settle down away fmm the soffit. Tlie 
sand having rnn out, the centre can then be removed in the 
ordinary manner. 

4S9. Iron arohed bridgeB. — Next to masonry, cast inm is 
the material best suited for an arched bridge. It combines 
{^reat i-esistance to compression or strength, with diirsbih'tj 
and economy ; qualifieationB already given ae requisite for an 
cnffitieering structure. 

Wrought iron is sometimes used for arched bridges. Where 
the bridge is liable to considerable transverse sti-ains or rfiocks, 
wrought iix>n would be a better material than cast iron. 

490. Conatruotion .—-Instead of the soffit being a coutinn- 
OUB surface, as in the masonry arch, it is formed, in the iroo 
arch, of curved inni beams placed side by side at snitaUe 
distances apart, and bouTid tt^tlier by lateral bracing. This 
lateral bracing binding the ribs together, the proper abnt- 
ting i>f the ends of the ribs, and the fastening of them upon 
the l>ed-plate8 or skew-backs of the abutments, form the most 
important part of the construction. 

The ribs are generally made in segments, the joints being 
in the direction of the radii of curvature of the under surfste 
of the rib. To guard against any iiossibility of accident, ll» 
segments are bolted t^'gether at the joints, forming iuthi* 
way a continuous curved beam. 

The form of the under surface of the i-ib is either parabolic 
(ir circular, more generally the latter. The depth of the rib 
is taken ordinarily at about ^^th of the span. 




The rib may be solid, having a cross-section of the nenJ 
i-sliape, the upper and lower flanges being equal ; or it inaf 
be tubular; or it may beopen-work,Bimilarto atrusa in whici 
the chords are curved. 

The first is the usual form. The other forms have beeu 
a»d are frequently used, but require no particular descriptioD. 
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Wliatever be the form of cross-section of the rib, it is usual 
to place above the crown a horizontal beam, generally of 
wrought iron, suitably stiffened by covering plates and angle- 
irons. (Fig. 194.) 

The connection of this beam with the curved rib is made 
by a truss-work, called the spandrel filling, as shown in the 
ligure. 

On the horizontal beams the roadway is placed. 

491. Expansion and oontraotion. — The rib is frequently 
hinged at the crown and ends, and sometimes at the ends 
only, to pi'ovide for the expansion and contraction of the 
metals produced by changes of temperature. 

It is a matter of doubt whether anything is gained by this 
prnvision, as the friction arising from the great pressure on 
the joint probably prevents the motion of rotation necessary 
to relieve the arch from the increased strain. 

492. Arobed bridges of steel. — Bridges of this class, 
made of steel, do not differ in principle from those in iron. 
The most noted example of the steel arch is that used in the 
St. Louis and Illinois Bridge, across the Mississippi River, 
at St. Louis, Missouri. 

In this bridge, the portion which corresponds, in the previ- 
ons descriptions, to the rib, is composed of two tubular steel 
ribs placed directly one over the other and connected by a 
truss-work. . 

The segments of each of the tubular ribs are straight 
throughout their length, instead of being curved. The ends 
of each segment are planed off in the direction of the radius 
of curvature, and abut against the ends of the adjacent seg- 
ment, to which they are joined and fastened. In this way 
the tube is made continuous; but instead of being curved, it 
is polygonal, as in the case of the bowstring girder. The 
tubes are connected by a truss-work, and the whole forms a 
rib of the third class. 

493. Bads' patent arob bridge. — Captain Eads, the en- 
gineer of the St. Louis Bridge, has patented an arch bridge, 
the principle of which is shown in Fig. 195. 

This areh is hinged at the ci^own, C, and springing lines, 
A and B, to provide for the expansion and contraction of the 
metal used in its construction. This arrangement of hinging 
the arch at the crown reduces the construction to that of two 
inclined beams resting against each other at C. Each beam 
is a truss belonging to the triangular system and having curved 
chords. 

The line, A C 6, is the arc of a parabola, whose veitex is 
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at C. Tlie linefl, ADC and C E B, are also area of parabolas. 
The maximum depth of either truss must not exceed one-ball 
the rise of A C B. 




494. Oases in which the aroh may be pie&rred to the 
tnisB. 

The arch will nsnally be found to be a less expenBive striie- 
ture than the tniss, when the banks are of rock forming good 
natural abutments. 

It will oftentimes be more economically employed where* 
deep valley is to be spanned and where high arches can be 
used. 

It is to be preferred when the roadway is a very heavy one, 
as io the case of a macadamized, or similar covennfr. 

It IB frequently selected in preference to a truss, £i«n 
architectural cousiderations. 



CHAPTER XVII. 

IT. aUBFENBION 



495. A Buspension bridge is one in which the roadwij 
over the stream or space to be crossed is suspended from 
chains or wire ropes. The cliains or wire ropea paae over 
towere, the ends of the chains being securely fastened ot 
"anchored" iu masonry at some distance behmd and belo« 
the towers. The roadway, usually of wooden planking, !• 
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supported by snspendtng rods placed at regular dietanceB 
along the chains. (Fig. 196.) 




Suspension bridges are naed principally for Bpans so great 
that tliey can not be ertissed by arches or truBs-nork at a 
reasonable cost. Sometimes they are used, where the span is 
not very great, as a roadway only for foot passenfiers, especi- 
ally over high-banked rivers, ravines, and similar places wnere 
Uie cost of a bridge of the other kinds would be ont of pro- 
portion to the service i-eqnired, 

496. A sGspension bridge coneiets of the tO'wers or piera, 
over which the main chains or cables pass ; the anohorag^es, 
to which the ends of the cables arc attached ; the main ohalns 
or oables, from which the roadway is suspended ; the sufl- 
pendlng rods or ohalns, which connect the roadway with 
the main chains ; and the road\7ay. 

497. To'werB. — The towei-a, frequently termed piera, are 
made generally of masonry, although iron has sometimes been 
used. The particnlar form of the towers will depend in a 
measure upon the locality and the character of the surround- 
ings. Their dimensions will depend 

upon their hei";lit and the amount 
of Btraina whicli they will have to 
resist 

Their constrnction will be governed 
by tlie rules already given for the 
carefnl constrnction of masonry. 

A cast-iron saddle on rollers, to allow 
of free motion in the directiim of the 
leugtll of the main cliains, is placed 
on each tower. (Fig. 197.) 

The main chains may be fastened to these saddles, but they 
are generally passed over them. 
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The strains on the towers are produced by the vertical aud 
horizontal components of the tensions in the cables. 

Tlie tower must be bnilt expressly to resist the crushing 
forces due to this vertical component of the tension and the 
weight of the masonry. 

If the saddle was not free to move, the horizontal force 
tending to push the tower over would be equal to the difiFer- 
ence ot the horizontal components of the tension in the two 
branches of the main chain. But since the saddle, by means 
of the rollers, is free to move, the horizontal force acting at 
the top of the tower must be less tlian the friction of the 
rollers. 

498. Anohorage. — If the shore or bank be of i-ock, a ver- 
tical passage should be excavated and a strong iron plate 
placed in the bottom and firmly imbedded in the sides or the 
passage. Through this plate the ends of the main chains are 
passea and firmly secured on the under side. After the 
chains are put in place the passage should be filled with con- 
crete and masonry. 

If the rock is not suitable, a heavy mass of masonry should 
be built of large blocks of cut stone, well bonded together 
for this purpose. In this case it is advisable to construct a 
passage way, so that the chains and the fastenings may be 
examined at any time. This mass of masonry, or the natural 
rock to which tne ends of the chain are fastened, is frequently 
called the abutment. Its stability must be greater than the 
tension of the chains. The principles of its stability are 
precisely the same as those for the abutment of an arch ; its 
weight and thickness must be sufficient to prevent its being 
overturned ; and its centre of resistance must be within safe 
limits. 

499. Main chains or oables. — These may be made of 
iron bars, connected by eye-bar and pin joints; of iron links, 
as in common chains ; of hoop or strap iron ; of ropes or 
cables of wire, and in some cases of vegetable fibre, as liemp, 
flax, or bark. When of ropes or strap iron they are of 
uniform cross-section ; when of links they may have variable 
cross-sections. 

The smallest number of cables in a suspension bridge is 
two, one to support each side of the roadway. Generally 
more than two cables are used, since, for the same amount of 
material, they ofl^er at least the same resistance, are more 
accurately manufactured, are liable to less danger of accident, 
and can be more easily put in place and I'eplaced than a single 
chain of an equal amount of material. 
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Discussions have arisen as to the respective advantages 
possessed by the chain and wire cables, some engineers pre- 
ferring the former to the latter, and the reverse. The wire 
cable IS generally adopted in the United States. 

The wire cable is composed of wires, generally from ^th 
to ^th of an inch in diameter, which are bi*ought into a cylin- 
drical shape by a spiral wrapping of wire. Great care is 
taken to give to each wire in the cable the same degree of 
tension. 

The iron wires are coated with varnish before they are 
bound up into the cable, and when the cable is completed 
the usual precautions are taken, as in other^iron-work, to 
protect it from rust and the action of the weatoer. 

If the load placed on a cable be a direct function of its 
length, the curve assumed by the mean fibre of the cable will 
be a catenary. If it be a direct function of the span, it will 
be a parabola. But the weight resting on the mam chains is 
neither a direct function of the lengm of the cable, nor of 
the span, but a function of both. The curve is therefore 
neither a catenary nor a parabola. But since the roadway, 
which forms the principal pai-t of the load, is distributed very 
nearly uniformly over the span, the curve apj)r<)achcs nun-e 
nearly the parabola and in practice is regarded as such a 
curve. 

Knowing the horizontal distance between the tops of the 
towers and the deflection, the corresponding length of the 
cable between the two points of support may be obtained by 
the opei'ation of rectifymg tlie curve of a parabola. (CMuirch^s 
Litegral Calculus, Art. 235.) The length obtained by this 
methcxl will be expressed in terms containing logarithmic 
functions. For this reason approximate formulas are made 
which will give the length, in most cases, near enough for 
practical purposes. Rankine gives the following approxi- 
mate value for the length of a parabolic arc : i 

8 z=x + i- (nearli/). . . (162). 

Where the cable is to have a constant cross-section through- 
out, the area of this section must be proportioned to tlie 
greatest tension upon the cable. This tension is greatest at 
le points of support when they are of the same height, or 
at the highest point when the heights are unequal. 

If the main chain is made of bars or links, it may be pro- 
portioned to form a chain of uniform strength, in which case 
the cross-sections will be made to vary from the lowest point 
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to the highest, increasing in area of croefi-section as the strain 
of tension increases. The horizontal component, or tension 
of the lowest point, is dependent nix)n the parameter of the 
curve. It therefore follows that for the same curve and the 
same load on the unit of length throughout, the horizontal 
comi>onent is the same for a bridge of a span of ten as for 
one of a thousand feet. And it is also plain that the wider 
the span, the deflection remaining constant, the greater will 
be the tension on the cable, and the reverse. 

500. Suspending chains. — The roadway is suspended 
from the cables by wire ropes or iron i-ods, which are placed at 
equal distances along the cable, for tlie purpose of distributing 
the load as miiformly as possible over the cables. 

If the cables are composed of links or bars, the suspending 
rods may be attached directly to them. If of ix)pe, either of 
wire or of vegetable material, the suspension rod is attached 
to a collar of iron of suitable shape bent aix>und the cable, or 
to a saddle-piece resting on it. 

Where there are two cables, care must be taken to dis- 
tribute the load upon the cables according to their degree of 
strength. 

In the Hungerford Suspension Bridge the method adopted 
was as follows : . The suspension rod, A (Fig. 19H), was at- 
tached to a triangular plate, B, 
which hung by the rods, C and 
D, from the main chain, E aud 
F. By this arrangement half 
of the load on the rod, A, was 
supported by each of the main 
chains, E and F. 

The suspending rods may 
be vertical or inclined. In 
recent constructions they are 
frequently inclined inwards, 
for the purpose of giving ad- 
ditional stifiFness to the framing. Tlie cross-section oi the 
rod is constant, aud is determined by the amount of strain on 
the upper section. 

501. Roadvray. — The madway in its construction does 
not differ in principle from that used for other forms of 
bridges. The roadway bearers are supported by the suspen- 
sion rods. On the bearers are laid longitudinal joists, and on 
them the planking, or the planking is laid directly on the road- 
way bearers. The latter are stiffened by diagonal ties of iron 
placed horizontally between each pair of roadway bearers. 
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502. Osoillations. — Suspension bridges, from the nature 
of their construction, are wanting in stiffness, and hence are 
peculiarly liable to both vertical and horizontal oscillations, 
caused by moving loads, action of winds, etc. 

These oscillations cannot be entirely prevented, but their 
effect may be reduced so as to be almost harmless. 

When the banks will admit of it, guy-ropes of wire may 
be attached to the roadway and fastened to points of the 
bank beneath the bridge. The guy-ropes directly under the 
bridge will be the most effective in resisting the vertical 
oscillations; those oblique to the bi-idge, for resisting the 
horizontal. 

The elder Brunei fastened the roadway to a set of chains, 
wliose curve was the revei'se of that of the main chains. The 
revereed chains had a cross-section of about one-third of the 
main chains, and preserved the shape of the roadway under a 
movable load even better than the guys. 

Engineers have made many efforts to provide for this want 
of stiffness in suspension bridges and to dt them for railroad 
uses. 

A heavy moving load coming on a suspension bridge, 
when at a point, as M (Fi^. 19i)>), causes the roadway and 
cables to assume positions similar to those indicated by the 
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Fig. 199. 

dotted lines in the figure. To prevent this deformation, the 
cables are fastened at the points of greatest change by chains, 
A E and B F, attached to the piei's. These are known as 
Ordish's chains. 

Roebling effected the same result by fastening these points 
of change in the roadway to the top of the towei-s, by the 
lines. Da, Ob, etc., as shown in Fig. 200. 

It is agreed at the present time that the best method of 
increasing the stiffness of a suspension bridge is to use, in 
addition to the chains just named, trussed parapets on each 
Bide of the roadway. These parapets form two open-built 
beams, strongly connected and braced by the roadway, and 
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supported at intermediate points by the attachments to th 
main chains. Each end oi the roadway is firmlj secured ' 
the base of the tower. 




Fig. 200. 

The objection to this method is the increase of the weight 
placed upon the main chains. 

503. Niagara Suspension Bridge. — This bridge was 
planned and constructed by Roebling, and illustrates the 
method of stiflFeninff just described. 

The bridge aflForas a passage-way over the Niagara River, a 
short distance below the Falls, both for a railroad and a com- 
mon road. It consists of two platforms (Fig. 201), one above 
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the other, and about fifteen feet apart ; the upper is for the 
railroad track, and the lower, B, is for the common road. The 
platforms are connected by a lattice truss- work, C, C, on each 
side, which serves to increase its stiffness. The whole bridge 
is suspended by four main wire cables, F, F, F', F', the upper 
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two being connected with the upper platform, and the lower 
two with the lower platform. 

Each platform consists of a series of roadway bearers in 
pail's; tne lower covered by two thicknesses of flooring- 
plank, the upper by one thickness; the portion of the latter 
immediately under the railroad track having a thickness of 
four inches, and the I'emainder on each side but two inches. 

The roadway bearers and flooring of the upper platform 
are clamped between four solid-bnilt beams; two above the 
flooring, which rest on cross supports ; and two, correspond- 
ing to those above, below the roadway bearers ; the upper 
and lower corresponding beams, with longitudinal braces in 
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Eairs between the roadway bearers and resting on the lower 
eams, being firmly connected by screw-bolts. The rails are 
laid upon tne top beams, forming tlie railroad track, A. A 
parapet, D, D, of the form of the Howe truss is placed on 
each side. 

The lattice-work, C, C, which connects the upper and 
lower platforms, consists of vertical posts in pairs (Figs. 202), 
and ox diagonal wrought-iron rods, T, T. The rods pass 
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through cast-iron plates fastened above tlie roadway be«i«s 

of the upper platform, and below those of the lower, and tn 

bitmght tij a proper bearing by nuts and sorews on lachend. 

A horizontal rail of timber is placed between the poatsof dw 

lattices at thetr middle, to prevent flexnre. 

The towers (Fig. 203) in 
four obelisk-shaped pillars, each 
sixty feet higli, with a square 
base of fifteen feet on a aide, 
and one of eight feet at the 
top. 

The height of the pedestals <» 
the Canada side is eighteen feet, 
and on the United States twenty- 
eight. An arch, C, conuetts 
the two pedestals, nnder which 
is a carriage-way, D, for com- 
municating with the lower plat- 
form. 

The main cables pass over 

saddles on rollers placed on tops 

of the towers, and are fastened 

Pro. 203. at their ends (Fig, 204) to chains 

made of iron bars attaclied to an 

anchoring plate, D, of iron, firmly eecnred in an anchorage of 

rock, B, «nd a mass of masoni-y, A. 





Fio. 204. 

The upper set of main cables are drawn in towards Um 
axis of tlie bridge to reduce the effect of horizontal oacilU 
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tkrns. This arrangement of the cables, the parapet on tlie 
upper platform, the lattice work joining the two platforms, the 
guy-ropes from the banks and the chains from the tops c»f the 
towers, tlie deep continuous beams of the railix>ad track, the 
camber given to the roadway, and the weight of the structure, 
all jnve the combination a degree of stifiPness and stability 
that nas rendered it very successful as a railroad bridge. 

The following are some of the principal dimensions : 

Span of the cables, 821^^ feet. 

Leiigth of roadway between piers, 800 feet. 

Deflection of upper cables (mean temperature), 54 feet. 

Deflection of lower cables " " 64 feet. 

Length of upper cables " " 1,193 feet. 

Length of lower cables " " 1,261 feet. 

Ultimate strength of the four cables, 12,000 tons. 

Permanent weight supported by cables, 1,000 tons. 

Tension on four cables, 1,810 ttms. 

Height of railroad track above mean stage of water, 245 
feet. 

504. Eaat River Suspension Bridge. — This bridge is in 
process of construction, and when completed will have a span 
of l,595i feet. The centre of the span will be 135 feet 
above mean high tide. There are to be four cables, each 16 
inches in diameter, made of steel wire. The weight of the 
bridge is estimated at 5,000 tons. 



CHAPTER XYin. 

y. MOVABLE AND AQUBDUOT BRmQES. 

605. Movable bridges. — In bridges over navigable rivers 
it is often necessary that one or more spans be made to move 
aside to allow of the passage of vessels. The term, movable 
bridge, is therefore applied to any arrangement, whatever 
be its nature, by means of which the roadway can at pleasure 
be made continuous or broken, between two point* of a per- 
manent bridge, or over a water-way. The methods used to 
effect this result are various. 

They may be classed under five heads : 
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1, The passage may be opened or closed by turniiiff a 
|)Oi1;ion of the bridge around a vei-tical axis ; 2, by tumine 
it around a horizontal axis ; 3, by making it roll forwaixfi 
and backwards in a line with the bridge ; 4, by lifting it 
vei-tically above the passage ; and 5, by floating it from and 
into place upon tlie water. 

506. I. By turning around a vertical axis. — The term, 
ffwing-bridge, is generally applied to a bridge which tiinw 
about a vertical axis. This form of bridge is the one most 
generally used when the opening is of any size. If two open- 
ings arc required, the bridge rests upon a maj^onry pier, wnidi 
is placed midway between the openings, and whicn supports 
a circular plate, whose diameter is equal, or nearly equal, to 
tlie bread til of the bridge. This plate has in the 'centre a 
pivot 8urix)unded by a circular track with roUere. ()n this 
pivot and rollere tlie bridge is revolved horizontally, being 
turned l)y suitable madiinery. 

If only one opening is required, the abutment is geiieraU; 
used to support the mechanism for turning the bridge, care 
being taken to place the pivot far enough back fix)m tlic face 
of the abutment so that the bridge, when open, shall not pro- 
ject beyond it. 

In calculating the strains on the parts of such a bridge, the 
latter is usually considei-ed when open, as composed of two 
cantilevei-8, each loaded with its own weight; wnen closed, as 
a bridge (»f two spans. 

507. II. By turning around a horizontal axis. — Where 
the width of the opening is suiall, the moving portion of the 
bridge, which may be in one or two pieces, is lifted by chains 
attached to the extremitiep, the operation of lifting being as- 
sisted by counterpoises connectea with the mechanism used. 
One of the simplest counterpoises is a lever revolving on a 
horizontal axis above^the bridge, one end of the lever being 
connected with the movable end of the bridge by a chain, the 
other being weighted and connected with the mechanism by 
which the bridge is lifted. 

508. III. By moving a portion of the bridge forward 
and backward in a line with its axis. — Bridges of this 
kind are placed upon fixed rollers, so that they can be moved 
forward or backward, to interrupt or open the communication 
across the water-way. The part of the bridge that rests upon 
the rollei*s, when the passage is closed, forms a counterpoise 
to the other. The mechanism usually employed for m<»vinp 
these bridges consists of tooth- work, and may be so arranged 
that it can be worked by one or more persons standing on the 



AQUEDUCT BRIDOES. 888 

bridge. Instead of fixed roUeis turning on axles, iron balls 
resting in a grooved roller- way may be used, a similar roller- 
way being affixed to the frame-work beneath. 

{bridges of this class are known as rolling bridgcQ. 

509. iV. By lifting. — In small bridges, like those over 
canals, the bridge is sometimes hnng by the four comers to 
chains which pass over pulleys and have counterpoises at the 
other ends. A slight lorce applied to it raises the bridge 
to the required height, allowing the boats to pass under tlie 
bridge. 

610. V. By floating. — A movable bridge of this kind may 
be made by placing a platform to form a roadway upon a 
boat or a water-tight box of a suitable shape. This bridge is 
placed in or withdrawn from the water-way, as circumstances 
may require. 

A bndge of this character cannot be conveniently used in 
tidal waters, except at certain stages of the water. It may 
be employed with advantage on canals in positions where a 
fixed bridge could not be placed, in which case a recess in 
the side oi the canal is made to receive the bridge when the 
passage-way is opened. 

511. The general term, dra^v-bridge, is applied to all these 
movable bridges, although technically the term is confined 
to bridges of tlie second class, or those revolving around a 
horizontal axis. 

Movable bridges are either simple bridges or made of 
truss-work belonging to one of the three systems already 
named. 

The objections to using either a tubular, an arched, or a 
suspension bridge for a movable bridge are apparent. Where 
either of these classes is used, tlie passage-way can only be 
kept open by constructing the bridge so that a vessel can pass 
beneath it. 

512. Aqueduct bridges. — In aqueducts for supplying 
a city with water, the volume of water conveyed is com- 
paratively small, and the aqueduct bridge will present no 
peculiar difliculties except those of a water-tight channel. 
Tlie latter may be made eitlier of masonry, or of cast- 
iron pipes, according to the quantity of water t<* be de- 
livered. If formed of masonry, the sides and bottom of 
the channel should be laid in tlie most careful manner 
with hydraulic cement, and the surface in contact with the 
water should receive a coating of the same material, par- 
ticularly if the stone or brick used be of a porous nature. 
This part of tlie structure should not be commenced until the 
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arches have been niicentered and the heavier parte of the 
structure have been carried up and have had time to settle. 
The interior spandrel-filling, to tlie level of the masonry 
which forms the bottom or the water-way, may either be 
formed of solid material, of good rubble laid in hydraulic 
cement, or of concrete ; or a system of interior walls, like 
those used in common bridges for the support of tlie roadway, 
maj^ be used to sustain the masonry of tne water-way. 

In aqueduct bridges of masonrj', supporting a navigable 
canal, the volume of water is much greater than in the 
preceding case, and every precaution sliould be taken, to 
procure great solidity, and to secure the structure fi-ora acci- 
dents. 

Segmental arches of medium span will generally be found 
most suitable for works of this character. The section of 
the water-way is generally of a trapezoidal form, the bot- 
tom line being horizontal. For economy,* the water-way is 
usually made wide enough for one lx)at only ; on one side is 
a to'w-path for the hoi*ses, and on the other a narrow foot- 
path. 

The principle of the suspension bridge is well adapted to 
aqueduct bridges, because, as each boat displaces its own 
weight of water, the only moving load is the passage of men 
and horses along the tow-path. 



CHAPTER XIX. 
BRIDGE CONSTRUCTION. 

513. Before a bridge can be constructed there are three 
things to be considered, viz., Ist, the site ; 2d, the water-way; 
3d, the design or plan. 

IBefore a bridge can be designed a thorough knowledge of 
the site, the amount of waler-way, and die particular service 
required of the bridge, must all be known. 

614. Site. — The site mav already be determined, and it 
may not be in the power of the engineer to change it If it 
is m his power to locate the site within certain limits, he 
will select the locality which offers the most security to the 
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foundations and the least expense to be incurred in their 
construction and that of the bridge. 

In many cases it is a matter of indifference where the 
stream is crossed, but a careful survey of the proposed site 
should always be made, accompanied by borings. The 
object of this survey is to ascertain thoroughly the natural 
features of the surface, the nature of the subsoil of the bed 
and banks of the water-course, and the character of the 
water-course at its different phases of high and low water, 
and of freshets. This information should be embodied in a 
topographical map ; in cross and longitudinal sections of the 
water-course and the substrata of its bed and banks; and in 
a descriptive memoir which, besides the usual state of the 
water-course, should exhil)it an account of its changes, occa- 
sioned either by permanent or by accidental causes, as from 
the effects of extraordinary freshets, or from the construction 
of bridges, dams,'and other artificial changes either in the 
bed or banks. 

Having obtained a thorough knowledge of the site, the 
two most essential points next to be considered are to adapt 
the proposed structure to the locality, so that a suflScient 
water-way shall be left both for navigable purposes and for 
the free discharge of the water accumulated during high 
freshets ; and to adopt such a system of foundations as will 
ensure the safety of the structure. 

515. Water-'way. — When the natural water-way of a* 
river is obstructed by any artificial means, the contraction, if 
considerable, will cause the water, above the point where the 
obstruction is placed, to rise higher than the level of that 
below it. This difference of level is accompanied by an in- 
crease of velocity in the current of the river at this place. 
This damming of the water above the obstruction, and in- 
crease of velocity in the current between the level above and 
the one below the obstruction, may, during heavy freshets, 
cause ovei'flowing of the banks; may endanger, if not 
entirely suspend, navigation during the seasons of freshets; 
and expose any structure which, like a bridge, forms the 
obstruction, to ruin, from the increased action of the current 
upon the soil around its foundations. 

If on the contrary, the natural water-way is enlarged at 
the point whore the structure is placed, with the view of pre- 
ventmg these consequences, the velocity of the current 
during the ordinary stages of the water will be decreased, 
and this will occasion deposits to be formed which, by gradu- 
ally filling up the bed of the stream, might prove, on a sudden 
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rise of the water, a more serious obstruction than the stmc 
ture itself; particularly if the main body of the water 
should happen to be diverted by the deposit from its 
ordinary cnannels, and form new ones of greater depth 
aronnd the foundations of the structure. 

For tliese reasons, the water-way to be left after the bridge 
is built should be so regulated that no considerable change 
shall be occasioned in the velocity of the current through it 
during the most unfavorable stages of the water. 

The beds of rivers are constantly nnderffoing change, the 
amount and nature of which depend upon me kind of soil of 
which they are composed, and the velocity of the current. 

516. The following table shows, on tJie authority of Du 
Buat, the greatest velocities of the current close to the bed 
without injury to or displacement of the material of which it 
is composed : 

Soft clay 0.25 feet per second. 

Fine sand 0.50 " " 

Coarse sand and fine gravel.. . 0.70 " " 

Gravel, ordinary 1.00 " " 

Coaree gravel, 1 in. in diameter 2.25 " " 

Pebbles, 1^ in. in diameter. . . 3.33 " - " 

Heavy shingle 4.00 " " 

Soft rock, brick, etc 4.50 " " 

Rock i ^-^^ " " 
( and greater. 

Knowing the material of which the bed of the river at 
the site is composed, and regulating the water-way so that 
the velo(nty of the current close to the bottom after the 
bridge has been erected, during the heaviest freshets shall 
not exceed the limit of safety or disturbance of the material 
forming the bed, the stability of the foundations is assured. 
If the velocity should exceed the limits here given, precau- 
tions must be taken to protect the foundations, as heretofore 
described. 

517. Velooity. — The velocity of a current depends upon 
the slope of the bed. Since the particles of water in contact 
with the earth of the sides and bottom of the stream are 
retarded by friction, it follows that in any cross-section the 
velocity of the particles in the centre differs from those at 
the bottom and on the sides. In ordinary cases it is suffi- 
ciently exact to take the least, mean, and greatest velocitiea 
as being nearly in the proportions of 3, 4, and 5 ; and for 
very slow currents they are taken to be nearly as 2, 3, and 4. 
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The greatest vel(x;ity may be obtained by actual measure- 
ment, by means of floats, current metres, or other suitable 
apparatus, or it may be calculated from the slope of the bed 
ox the river at and near this locality. 

Having detennined the greatest velocity, the mean velocity 
is taken as four-fifths of it. Col. Medley, in his Treatise on 
Civil En^neering, takes the mean velocity as nine-tenths 
(nearly) or the surface velocity when the latter exceeds three 
feet per second, and four-fifths when less than this. 

Having determined the mean velocity of the natural water- 
way, that of the contracted water-way may be obtained from 
the following expression, 

g 
v = m— V, (163) 

in which s and v represent, respectively, the area and mean 
velocitv of the contracted water-way; S and V, the same 
data of the natural water-way ; and m a constant, which, as 
determined from various experiments, may be represented by 
the number 1,045. 

Giving to « a particular value, that for v may be deduced, 
and may then be compared with the velocity allowable at 
this locality ; or, assuming a value for Vj the value of 8 may 
be deduced, and will be the area of the contracted water- 
way. The safest width, or area of water-way, in many cases, 
may be inconveniently great; therefore, some risk must be 
run by confining the floods to more contracted limits. To 
reduce this risk as much as possible is the object of the 
engineer in seeking this information. With this information, 
the engineer can decide upon the number of piere, hence the 
number of spans of the bridge. Knowing the nature of the 
bottom, the character and kind of piers and abutments may 
be selected. 

518. Design or plan of bridge. — Before the engineer can 
complete the design of the bridge, it is necessary that he 
should know what service it has to perform : whether it is to 
be a common or a railroad bridge ; whether a single or double- 
track one. This information being given, and the knowledge 
acquired of the site and water-way being furnished him, he is 
able to decide whether the structure shall be a truss, arched, 
or suspension bridge ; and, knowing the facilities at the place 
for the construction of the work, can prepare an estimate of 
its probable cost 

In deciding on the form of bridge which shall best com- 
bine efliciency with economy, there are many things to be 
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considered. The cost of the superstructure, or all above the 
piei-s and abutments, increases rapidly with the length of 
span. Hence, economy would, as far as the superstructure is 
concerned, demand short spans. But short spans require an 
increase in the number of piei^s. When tlie height is small, 
the stream not navigable, and the piei-s easy to build, sliort 
spans may be used ; but, if the foundations are in bad soils, 
it the river is deep, with a rapid current, or liable to great 
freshets, if it is navigable and requires an unobstnicted 
water-way, the construction of piers will be very expensive, 
and therefore it is often desirable in these cases that there 
should be few or no piers in the stream ; hence, long spans 
are necessary, even at great cost. Good judgment and accu- 
rate knowledge on the part of the engineer will be necessary, 
in order that these and similar questions should be decided 
correctly, 

ERECTION OF BRIDOE. 

619. The bridge having been planned, its parts all prepared 
and taken to the site, the abutments and piers built, the next 
step is to put it in position. 

There are three methods, which have already been named, 
viz., buildiuff the bridge on a scaffolding in the position it is 
to occupy ; building it and rolling it in position, known as 
launching / and building away from the site and then float- 
ing it to the spot, and lifting it in place. 

520. Soafiblding. — The scaffolding is, so far as principle 
is concerned, the same as that already described under the 
head of masonry. That used for bridge construction is 
simply a rough but rigid trestling, resting on the jground, or 
on piles when the scaffolding is over water. The whole 
arrangement is sometimes called staging, and frequently 
fklse-vrorks. 

By means of this scaffolding the different pieces of the 
structure are lifted in place and fastened together. When 
the bridge is finished the staging is removed. This method 
is the one most generally used. 

621. Launching. — This method has been used where the 
scaffolding would have been too great an obstruction to the 
stream or too costly. Deep and rapid rivers or ravines, 
where the bridge is erected at a very high level, or rivers 
with rapid currents subject to great freshets, are cases 
where scaffolding would be costly, and in some cases imprac- 
ticable. 
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522. Floating to site and lifting in place. — This 
nethod has been used in connection with the last method. 

In this method the truss or tube is placed on boats of 
[)ontons, and floated to the spot it is to occnp3\ Then, by 
cranes or other suitable lifting machinery, the truss is lifted 
:o its place. This was the method adopted for the Britannia 
Tubular Bridge. 

In tidal waters this method has been used with great 
mccess. The truss was put together on platforms on the 
leeks of barges, at a snflicient height above the surface of 
the water, so that at high tide the truss would be above the 
level of its final position. The barges were then floated into 
position at high tide, and as the tide fell the truss was de- 
posited in its proper place. 

523. Ck>st. — The cost of erecting a bridge is divided gene- 
pally into four parts: 1, Scaffolding ; 2, Plant; 3, Labor; 
I, Superintendence. 

Soaflblding. — The cost of this forms an essential part of 
the estimate, and depends greatly upon the facilities for 
obtaining the proper materials in the vicinity of the site. 

Plant. — This is a technical word used to include the tools 
iiid machinery employed in the work. The employment of 
^team in so many ways at the present time rendei*s this item 
in important one in estimating the cost 

Iiabor. — The number of men, their wages, subsistence, and 
>ftentime8 their traiisportation, have all to be considered 
under this head. 

Superintendence. — Good foremen and able assistants are 
■Mflential to a successful completion of the work. Their wages 
[nay be included in the last item. It is usual to allow a given 
percentage on the estimate to include the cost of superintend- 
ence. 

Summing these four items together, the cost of erecting 
the superstructure of the bridge may be estimated. 
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ROOFS, 



CHAPTER XX. 

524.. The term roof is used to desiffnate the covering 
placed over a structure to protect the lower parts of the 
building and its contents from the injurious effects of the 
weather. It consists of two distinct parts — the covering and 
the frames which support the covering. By some the terra 
I'oof is applied only to the "covering," exclusive of the 
frames. 

525. Boofs are of various forms — angular, oiirved| and 
flat, or nearly so. 

The most common form of roof is the angular. These 
vary greatly in appearance and in construction. Some of the 
most common examples of the angular roof are the ordinarv 
gabled, the hipped, the curb or Mansard, the French iw, 
etc. 

Curved roofs and domes are frequently used. Tliey coet 
more than the angular roofs, if the^ cost of the abutments be 
included. J3ut ir the abutments already exist or if for other 
reasons they have to be built, the curved roof, under tliese 
circumstances, in many cases, may be found cheaper and more 
suitable. 

Flat roofs are very common, especially in hot climates. 
The covering of these roofs rests upon beams placed in a 
horizontal position, or one that is nearly so. The slope given 
them is generally about 4° with the horizontal. 

These roofs are easy to construct, and are simple in plan, 
but they are heavy, do not allow the water to escape freely, 
and there is a waste of material in their use. 

526. Coverings, — The coverings of roofs are made of 
boards, shingles, slates, mastics, the metals, or any suitable 
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material which will stand exposure to the weather and afford 
a water ti^ht csovering. The style of the building, and the 
especial object to b6 attained, will govern their selection. 
The extent of surface covered by them is usually expressed 
in square feet. Sometimes the term square is only used, in 
which case it means an area of 100 square feet. 

The weight of the materials used for the covering is about 
as follows : 

MateriaL Weight per square foot. 

Copper 1 lb. 

Leaa 7 lbs. 

Zinc 1.5 lbs. 

Tin |lb. 

Iron (common) 3 lbs. 

Iron (corrugated) 3.5 lbs. 

Slates 5 to 12 lbs. 

Tiles 7 to ISlbs. 

Boards, 1 inch thick 2^ lbs. 

Shingles 1 lb. 

These are fastened directly upon the frames, or upon 
pieces of scantling and boarding which rest on the frames. 

527. Frames. — The frames which support the covering 
have their exterior shape to con-espond to the form of the 
roof. These frames, known generally as roof-trusses, are 
tied together and stiffened by braces which may occupy 
either a horizontal or inclined position, and may be either 
notched upon or simply bolted to the trusses. 

The trusses are placed from five to ten feet apart, depend- 
ing upon the weignt of the covering and the amount of load 
which each truss has to support. They rest usually upon 

Sieces of timber called -wall-plates, laid on the wall to 
istribute the pressure transmitted by the truss over a larger 
surface of the walL 

528. Although pearly the last part of a building which is 
constructed, the roof is one of the first to be considered in 
planning the building, since the thickness and the kind of 
wall depend greatly upon the weight of the roof. The 
weight of the roof and the size of the pieces to be used in Its 
construction, when the roof is flat, are easily determined. 
The pieces are simple beams, subjected only to cross-strains, 
and tiie joints are of the simplest kind. 

When the roof is curved or inclined, these determinations 
are more difficult. In these roofs the strains on the parts 
produced by the covering are of different kinds, and must be 
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determined completely, both in amonnt and kind, before 
dimensions of the different pieces can bo fixed, and the 1 
form of joints and fastenings selected. 

In calculating the strains on a roof-trass, we must ttHsasi 
into consideration, besides the weight of the covering aud c^ 
the truss itself, the weight of the snow, ice, or water whi t-^j 
may at times rest upon tne covering, the effect due the acticzn 
of the wind, aud such extra loads as the weight of a ceiliu^^ 
of machinery, of floors, etc., which may be supported by ttmi 
frames. 

The weight of the covering varies, as has been slioinj, 
from one pound to twenty pounds upon the square foot 
The weight of the truss increases witn the span, but it is 
only in very wide spans that the weight of the parts and of 
the whole truss have to be considered. 

The weight of snow is assumed to be about one-tenth tliat 
of thb same bulk of water. Knowing the maximum depth 
of the falls of snow, an approximate weight may be deter- 
mined. Six pounds per square foot is the estimated weight 
of snow adopted by European engineers. A greater weignt, 
even as hign as twenty pounds, is recommended for the 
northern part of the United States. 

The action of the wind is very great in some localities. 
Trodgold recommends an allowance of forty poimds to the 
square foot as an allowance for its effect. 

529. Rise and span. — These are quantities dependent 
upon circumstances. The rise is dependent upon the kind of 
roof, the order of architecture used for the building, aud the 
climate. The span is dependent upon the size of the 
building. 

In gabled roofs and ordinarily tfngled roofs, the inclina- 
tion which the sides of the roof make with the horizontal is 
called the pitch. In countries where heavy falls of snow 
are common the pitch is ordinarily made quite steep — al- 
though builders are now more generally inclined to a mode- 
rate pitch, even for these cases. The objections to a steep 
pitch are the exposing of a greater surface of the roof to the 
direct force of the wind, the waste of room, etc. The mate- 
rfal of which the covering is composed affects the pilch. An 
ordinary roof covered with shingles should have a pitch of at 
least 22^ degrees ; one covered with slate or tiles a pitch 
something greater, between 23 and 30 degrees. 

The style of roof and architecture affect the pitch. Gothic 
styles and parts of French roofs require a pitch of 45 d^reee, 
and even of 60 degrees. 
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C30. Materials used in oonstruction. — ^Wood and iron 
the materials used for the construction of the frames. 
•*lie truss niajr, as in other frames, be made entirely of wood, 
^ entirely oi iron, or of a combination of the two materials. 



Wooden Roof-trusses. 

531. The simplest wooden truss is the triangular frame. 
phe inclined pieces are called rafters and the horizontal one 
^8 termed the tie-beam. 

It is used for spans of 12 to 18 feet, and when the roof 
is light. For spans of 18 to 30 feet the king-post truss 
(Fig. 205) is used. Its component parts ai*e : 




Fig. 205. 



1. The principal rafters. — These are the inclined pieces, 
B B, which abut against each other or against the king-post 
at the top. 

2. The tie-beam. — This is the horizontal beam, A, con- 
nected with the lower ends of the raftera to prevent their 
spreading out under the action of the load placed on them. 

3. The king-post. — The upright, C, framed at the upper 
end upon the rafters and connected at the lower end with the 
tie-beam. 

4. Purlins. — These are horizontal pieces, E, E, notched upon 
or bolted to the rafters to hold the frames together and to 
form supports for the common rafters, F, F. 

6. Common rafters. — These are inclined pieces, F, F, of 
smaller dimensions than the principal rafters, placed from 1 
to 2 feet apart and intended to support the covering. 

6. Struts. — The inclined pieces, D, D, framed into the 
principal rafters and king-post to prevent the rafters from 
sagging at the middle. 
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If the king-post and struts be removed, the simple triangu- 
lar truss is left. 

532. Queen-post truss. — This truss is employed for spans 
from 30 to 45 feet long. Its parts (Fig. 206) are all shown in 
the figure ; C, C, being the queen-posts. 




Fig. 206. 

533. Iron roof-trusses, — Wooden roof-trusses have been 
used for wider spans than thc^se named, but the nse of iron in 
building has enabled the engineer to construct roof-trusses of 
wider spans which are much lighter and present a better 
appearance. 

These trusses are sometimes made of wood and iron in 
combination, as we have seen in bridge-trusses, but now they 
are more generally made entirely of iron. 

The coverings are frequently made of iron, mostly corru- 
gated, and are fastened to the purlins by the usual methods 
for iron -work. 



DETERMINATION OF THE KIND AND AMOUNT OF STRAINS ON THI 

PARTS OF A ROOF-TRUSS. 

534. Amount and kind of strains upon the dififbrent 
parts of the simple king-post truss. — The method of 
determining the amount and kind of strains on the simple 
triangular frame has already been explained. (Art. 256.) 
It is usual, except in very short spans and where the tie-beam 
supports nothing but its weight, to support the middle point 
of this piece by a king-post. To find the strains on 4 tri- 
angular frame with a king-post, let A B and A C (Fig. 207) 
be the rafters, B C, the tie-beam, and A H, the king-poet. The 
king-post is so framed on the raf tei-s at A, as to nold up any 
load which it has to support. It is connected with the tie- 
beam in such a manner as to keep the middle point, H, in th« 
same straight line with B and C. 
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Tlie strains on this truss are produced most usually by a 
uniform load on the rafters and a load on the tie-beam. 

Denote by ly the length of either rafter ; by w, the load on 
a unit of length, including the weight of the rafters ; by W, 




Fig. 207. 



the weight of the tie-beam, including the load it has to sup- 
port, as a ceiling, fl(X)r, etc., and by a, the angle ABC. 

The load on one of the rafters, as A B, will be wly and acts 
through the middle point, or at a distance from B equal to^^. 
The strains produced by this load are compressive on the 
fafter and tensile on the tie-beam, and the amount for each 
ttiay be determined, as shown in Art. 254. 

The king-post is used to prevent the sagging of the tie- 
t>€am at its middle point. It therefore supports, besides its 
^wn weight, fW (Art. 186^, which produces a strain of ten- 
sion on the king-post ana which is transmitted by it to A, 
Where it acts as a load suspended from the vertex of the 
frnme. The strains produced by it on the rafters and tie- 
beam may be determined as in Art. 256. 

The strains being known in amount and kind for each piece, 
can now be summed and the total amount on the different 
parts determined. 




Fig. 208. 



535. — Strains on a king-post truss framed ivith struts. 

— Let Fig. 208 represent an outline of this truss. Let D F and 
' G be the struts iramed in the king-post and supporting the 
•afters at their middle points. 

The ti uss is supposed to be strained by a load uniformly 
iistributed over ihe rafters. 
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Adopt the notation used in the previous case and rq)Te- 
sent by /8, tlie angle A D F. We may neglect without 
material error the weight of the struts and kmg-post, their 
weights being small compared with the load on the rafters. 

The load acts vertically downwards and is equal to id for 
each rafter. Acting obliquely, it tends to compress and bend 
them. Each rafter is a case or a beam resting on three points 
of support, hence the pressure on either strut is due to the 
action of ^wl. 

Pressure on the struts. — The pressure on the strut D F 
arises from the action of the component of ^wl per^»eudica- 
lar to the rafter at the point, D. Denote by P^ the pi-essure 
on the strut in the direction of its axis. To keep the point, D, 
in the same straight line with A and B, the resistance offered 
by the strut must be equal to the force acting to deflect the 
rafter at that point. Hence there results, 

Pi sin fi = Iwl cos a. . . . (164) 

From which we find 

cos a 

Pi = iwl —. — 3-, 
* ^ sm /3 ' 

for the pressure on the strut, D F. In the same way the pres- 
sure on the strut F G is obtained, which in this case is exactly 
equal in amount. 

Tension on king-post. — This pressure, Pi, is transmitted 
through the strut to the king-post at F. Resolving this force 
into its components respectively perpendicular and parallel 
to the axis of the king-post, we find the component in tbe 
direction of the axis to be Pi sin (yS — a). 

The king-post supports the tie-beam at its middle point. 
Kepresent as before by W, the weight of the tie-beaui and 
its load, and we have |W' for the piul on the king-po«»t from 
this source. Represent the total strain of tension by Tj, and 
there results, 

Ti = 2Pi sin (/3 - a) + f W. . . (165) 

Substituting in this for Pi, its value just found, and the 
value of Tj will be known. 

Tension on the tie-beam. — Denote by T the tension on 
the tie-beam produced by the thrust along the rafters, and 
by Q, the vertical reaction at B caused by the load on tbe 
rafters. 

The relation between the normal components to the rafter, 
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at B, of the three forces, Q, T, and -^wl acting at that poiut, 
may be expressed by this equation, 

T sin a = Q cos a — -f^wl cos a. . (166) 

From which the value of T can be obtained when Q is 
known. 

Since the truss is symmetrical with respect to a vertical 
through A, the sum of the reactions at B and C, due to the 
strains on the raf tax's, is 2Q, and is equal to the total load 
placed on the rafters, which is 2wl 4- f W. Hence 

2Q = 2i/?Z -I- I W, 
and 

Q = ^^Z + ^W, 

which, substituting in equation (166), gives, 

T sin a = ^wl cos a + iV^' ^^ ^j 
and 

T = H^ + At^ . . (167) 

strains on the rafters. — The forces acting in the direc- 
tion of the rafters produce compressive strains, and those 
perpendicular, transverse strains. These are determined as 
previously shown. 

Size of the pieces. — Having found all the strains, the 
limit on the unit of cross-section may be assumed and the 
dimeiasions of the pieces obtained. 

Remark. — It is well to notice, that if we substitute for 
Pi, itef value in the expression for Ti, the tension on the king- 
post, that we will get 

sm p 
which may be put under the form 

T, = i|^W' + 2«;Zco8«a(l-^)"]. (168) 

It is seen from this value of Tj, that whenever /8 is equal 
to 90° or differs but slightly from it, the expression will 
reduce to the form 

586. Strains on the queen-post truss. — It is easily seen 
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from the foregoing how the strainfl on this truss may be de- 
termined. It is usual to suppose the truss (Fig. 209) 8epa^ 
ated into two parts ; one the primary truss, B A C, and the 
otlier, the secondary trapezoidal truss, B D G C- 
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In some cases, short rafters from C to G, and B to D, are 
placed in contact with the principal raftere, AC and AB, 
which further strengthens the truss by the additional thickness 
given to the rafters in this pait of the truss, and more fully 
satisfies the condition of a secondar)^ trapezoidal truss placed 
within a triangular fmme to increase its strength. There 
are various other modifications of this truss, but the method 
of determining the strains is not affected by them. 

Iron Roof-tmsses. 

537. The trussing already explained under the head of 
Bridges enters largely into iron roof-trusses. One of the 
most common forms is the one in which the rafters are 
trussed. 




Fig. dlO. 



Roof-truss -with trussed raflers* — A common method 
of supporting the middle point of a rafter is shown in Fig. 
210. In this case the lower end of the strut, instead of 
abutting against a king-post, is held up by tie-rods joining it 
with the ends of the rafters. 
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It is Been from the figure that each rafter, with the strut 
and tie-rod, forms a simple king-post truss inverted. The 
tic-rod connecting the points, E and F, completes the truss. 
This tie-rod sustains the horizontal thrust produced by the 
strains on the rafters, preventing its action on the walls at the 
points of support, B and C. 

In this truss the rafters are equal in length, and make 
equal angles with the horizon ; the struts are placed at the 
middle points and perpendicular to the rafter ; and the 
strains are produced by a uniform load resting on the 
rafters. 

Use the notation of the previous cases, and denote by a 
the angle ABC; by /3, the angle D B E ; by 2i, B C ; by rf, 
the height A H ; and by d\ the distance A K. The truss is 
symmetrical with respect to a vertical A H, through the vertex, 
A. Suppose the truss cut in two along this line, A H, we may 
preserve the equilibrium, upon removing the left half, by 
substituting two horizontal forces, one at A and the other at K. 
Suppose this done, and represent these by H and T respec- 
tively. As the weight of the tie-rods and struts is small 
compared with the load on the rafters, we may neglect it with- 
out material error. 

The reaction at B is equal to wl. 

The external forces acting on the right half of the frame are 
the reaction at B, the horizontal forces H and T at A and K, 
and the load on the rafter including its own weiglit. These 
forces act in the same vertical plane. 

The analytical conditions for equilibrium are 

H — T = 0, and wl-wl = 0, 
and the bending moment at B is 

wlxBL-Rx AK = 0. 

We find the value of H = i 

a 

The external forces are now all known and the strains pro- 
duced by them may be determined. 

^ Pressure on the struts. — Considering the rafter as a 
single beam, there results 

Pi = ^wl cos a, 

for the pressure on either strut. 

Tension on the tie-rods of the rafters.— Let T^ be the 
tension on the tie-rod B E, and T, the tension on A E. 



400 CIVIL ENGINEERING. 

At the point, B, the normal pressure must be equal to the 
normal component of the resultant of the forces, wl andTi 
acting at that point, whicli may be expressed as follows : 

^^wl cos a — wl cos a — Ti sin ^, 

and at A, for the same reason, we have 

■^wl cos a = H sin a — Tj sin /8. 

These equations give, since 11 is known, 

_ , , . cos a , ^ n sin a — -Xrwl cos a ,^^^. 

Ti = \iwl -^-5, and T3 = ^ , (169) 

^ ** sm p sm p ' \ / 

for the tensions on the tie-rods B E and A E. 

Tension on the main tie-rod, EF, of the truss.— 
From the analytical condition, 

H— T = 0, 

there results, 

_ _ ^ ?/?? cos a 

T = H = i — J, — . . . . (170) 

This may be verified. The strains, Pi, T^, and Tj, on the 

?ieces connected at E (Fig. 210) have been determined, 
hese forces with T must be in equilibrium at E. Let ub 
find the components of these forces in the direction of the 
strut, D E, and a perpendicular to the strut at E. (Fig. 211.) 

For equilibrium, we have the fol- 
lowing : 

(Ti + T2) 8in/3 - Tsina - P^ = 0, 
and 

(T2 - Ti) cos)8 -h T cos a --= 0. 

\^ Substituting in the first of these 
pI^ '^ equations, the values of Pi, Ti, and Tj, 

Pro. 211. already obtained, there results, 

\^ wl cos a -f- n sin a — f wl cos a — T sin a = 0, or H = T. 

In a similar manner, by substitution in the 2d, it can be 
shown that the condition is satisfied, or H = T. 

Compression on the rafters. — The compression on the 
rafter at B is due to the components of the lorces acting at 
that point parallel to the rafter. Hence 

Compression vXB = wl sin a + Tj cob ^, 
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Coinpressi Dn at A = H cos a + Tj cos fi, (171) 

Frequently in the construction of this truss, the struts are 
extended until tliey meet the tie-rod joining B and C. (Fig. 
212.) 




Fio. 212. 

In this case the strains are the same as those just dotor- 
miued on the stmts and raftors, but less for the secondary 
tie-rods, because of the increase in the anele fi 

538. Wlien the span is considerable, this method of truss- 
ing is oftentimes used to increase the number of supports for 
the rafter. By adding to the trussed rafter, the two struts, 
^and cd (Fig. 213), and the two secx)ndary tie-nxls, fD and 
do, two additional points of support are furnished to the 
rafter. 




Fio. 213. 

The points, b and <?, are midway (>etwer;n B D nnd A D^ di vid 
ing the rafter into four equal i>artii, arjd making the trinfjgJei 
B^D and D </ A c^jual to ear;h <Aht:r and Kimibtr t/> B E A, ' 

Using the previous n</tatiofj, the noi/^iou at B h W, and iiie 

nonzantal force at A is ^ — --p - , a* jn \)nt\)ff\^. 'aw*, jij^ 

external forces are all ku^/wth 

Piesrare on the tAndm^^Tite tdmU %rH wMy^stAi^^lj ym^ 
pendicolar to tlie rafter; IIm? tufmiml i^Mup^jtt^tiM of Htm 
torces acting at i, D, aiid c wiiJ gir^ t>M5 an^'/uiit ^/f pr^^wMiniJ 
on each etrat. due tr> tLM; \'mA n^^ifig at tijui^M^ yt/miM. lUf[fn^ 
sent this cximpoxiebt at D hj 1^, at ^ utA € hy F^ a^ at A 
d6 
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and B by Ps- Since the rafter is kept by the Btnits in suAa 
position that h^ D, and c are in the same straight line with A 
and B, it is an example of a beam resting on five supports, aod 
we have, 

Pg = -jVs^^ ^5^ ^j ^2 = 4*^^ ^^ ^j *^^ ^1 = H^^ ^^^ ^ 

This value of P2 is the amount of pressure acting on either 
of the struts, hf or cdy and the strain on them is determined. 
That on D E is still to be determined. 

Tension on the seoondary tie-rods. — Let Ti be the ten- 
sion on the rod, Bj^ and we have, 

• 

■j^f wl cos a = wl cos a — Ti sin fiy 

from which we get 

^ , cos a 

^ ^ * sin p 

And in the same way we find the tension T\ on A^ to be 

H8ina_ coea 

sm p ^ ^ * sm p 

Denote by Tg, Tg, T'a, and T's the tensions on/D,/E, d D, 
and d E respectively. Since an equilibrium exists between 
the forces acting at the point /*, and the same at c?, the com- 
ponents of these forces, taken respectively parallel and per- 
pendicular to the rafter, must fulfil the following conditions; 

T2 + Ts- Ti = 0, and (Tg ^ T, - T^) sin/S + P, = 0,at/, 

and 

T\ + T's - T\ = 0, and (T's - T'2 - T\) sin /3 + Pj = 0, at (i 

The values of Ti, Pg, and T'l, have already been found. 
The values for the others are easily deduced. They will be 
as follows : 

COS tL 1 

Ts = AV^^g-i^" and T's = ^7^ (Hsin a - ■^^wlco&a). 

The strains of tension and compression on all the secondaiy 
pieces have been obtained excepting for the strut, D E, at the 
middle. This can now be determined. 
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strain on strut, DE, at* the middle. — This strain is dne 
to the pressure, Pi, and the components of T, and T\ in the 
direction of the stmt, or 

Compression on D E = P = P^ + (T, 4- T',) sin fi. 

Substituting in this for T2, T'2, and Pi, their values already 
found, we finally obtain, 

P = ^\wl cos a, 

for the strain on the strut, D E. 

The amount and kind of strain on each piece are now 
known, and the strength of the truss may therefore be deter- 
mined. 

539. Hoof-truss in which the rafters are divided into 
three seaments and supported at the points of division hy 
struts abutting against fcing orgn^n-posts. 

This form of truss shown in Fig. 214 is in common use for * 
roofs. In this case, the raftei-s are trisected respectively at 
tlie points, H, D, G, and M, by the struts H K, D F, G F, and 




F K 
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M L, which have their lower ends connected with and abutting 
against the vertical rods at tfie points K, F, and L, where these 
rods are fastened to the tie-rod B C. 

The usual method of determining the amount of strains on 
the different parts of a frame of this kind is to consider it as 
formed of several triangular ones. In this particular case, 
we consider tlie truss A B C as made up 01 the secondary 
trusses, B H K, B D F, and B F A, on the right of A F, and 
a similar set on tlie left of it 

The strains are supposed to arise from a uniform load over 
the rafters, the weight of the vertical ties and the struts being 
neglected^ as in the previous cases. 

In the previous examples, the rafters have been regarded 
as single beams resting on two, three, five, etc., points of sup- 
port, and the reactions of these points of support have been 
taken ins the value of the load resting upon them. This pro- 
cess may be followed in this case and is to be preferred, 
wbebever the rafters, A B and A C, are continuous. 
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In most treatises on roofs, the action of the load on the 
points of support is considered in a different manner. There 
are two general methods. Taking either half of a truss 
of the kind just described, one method supposes that each 
segment of tlic rafter supports one-third or the entii*e load 
on the rafter; each segment becomes tlien a beam sup- 

Eorted at its ends and uniformly loaded. According to this 
ypothcsis, since i^vl is the load on the segment, t^vl will 
act at the points, H and D, and ^wl^ at B and A, of the half 
A B F. 

The other method assumes the pressures exerted at tlie 
four points of support to be equal to each other, that is, \wl 
to be the load acting at each of the points, B, H, D, and A. 
This is sometimes called " the method of equal disti-ibntion 
of the load." 

Adopting the first method, assuming one-third of the load 
on the rafter as resting on each segment, let us first determine 
the strains in the secondary truss, B H K. 

Strains on B HSL — By hypothesis, the pressure at H is itdj 
acting vertically downwards. The problem then is the case 
of a simple triangular frame sustainmg a load at the vertex. 
Denote by a, the angle H B K ; since the triangle is isos- 
celes, the components of iwl along the rafter and strut are 

wl 
equal each to i- — , and exert strains of compression in 

H B and H K. 

The strain transmitted to B produces a vertical pressure on 
the point of support equal to Iwl and a strain or tension in 
B K equal to ^wl cot a. 

In like manner, the strain transmitted to K produces at that 
point a vertical pull equal to ^wl, which is sustained by the 
tie-rod, D K, and a horizontal strain equal to and directly op 
posed to the strain of tension at B. 

Strains on B D F. — The problem in this case is that of the 
Binople triangular frame, sustaining a weight at the vertex. 

The load acting at D is ^wl^ increased l)y the pull on the 
tie-rod, D K, or iwl^ and is supported by the rafter B D and 
the strut D F. Since these pieces do not make equal angles 
with the vertical through D, the components of ^wl in the 
directions of these pieces are not equal. Resolving, we 

find the one in the direction of the rafter will be 4^ -; , and 

the other along the strut, \-. — -5- ; )8 being the angle D F K. 



BOOFS. 40& 

Tlie firet of these is transmitted to B, where it produces a 
vertical pressure equal to ^wl^ and a strain of tension on the 
He-beam equal to ^wl cot a. 

The other, transmitted to F, produces a pnll on the king- 
post equal to ^^, and a strain of tension on the tie-beam equal 
to and directly opposed to that just fomid at B, produced by 
the component along the rafter. 

Strains on BF A. — The strain at A is due to the assumed 
load, ^wl and the transmitted load along the king-post, ^wl, 
or iwl. 

Resolving this into the components along the rafter A B 

and a horizontal at A, we have for the first, i , — , and 

sin a 

for the latter, iwl cot a. 

The former transmitted to B, produces a vertical pressure 
equal to ^wl^ and a strain of tension on the tie-beam equal to 
iwl cot a. 

The horizontal component at A is balanced by the equal and 
directly opposite component of the half A C F. 

Strains on the -vtrhole truss. — Knowing the strains in one 
half, and the truss being symmetrical about the vertical 
through A, the strains on all the parts can now be determined. 
Summing and recapitulating, they are as follows : 

On B H = C M = f-r- — \-i- hi-: — =|-^ — 9 compressive, 

"sm a "sin a sm a *sin a ^ ^ 



wl ^ wl ^ wl 
"sin a sin a "sm a 

wl 

" DA=GA=i-^ — J 

"sin a 



u 



ii 



« HK=ML=4-;^>andonDF = GF = *^ " 

'sm a "sm/S^ 

" D K = G L = \wly and on A F = ^l -\- ^l = ^wlj tensile, 

" BK = CL = {wl cot a, and on K F = F L = ^wlcot a, « 

By the use of moments. — These same values may be ob- 
tained by using the principle of moments. To apply this 
principle in determining the strains on the rafter, suppose the 
rafter cut in two by a vertical section on the right of and con- 
secutive to A. The two parts of the truss would tend to ro- 
tate about the point F. Represent the strain of compression 
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on the rafter at this section by Ci- Its direction is parallel to 

A B, and its lever arm, which denote by j?, will be equal tc a 

perpendicular let fall from F upon the rafter. The reaction 

at B and the load on the rafter are known. For equiUbriom 

we would have, 

, r- 7 BF 

d X J? = w X Br — wl -K -g-, 

whence 

Ci = iwl X — . 

db 
We find ^ to be equal to -r- , which being substituted in 

this expression gives 



Cl=: 



wP 



2d 



(172) 



Substituting in (172) the value oi d = / sin a, we obtain 

wl 



Ci = 



2 sin a' 



which is the same value already determined. 

Tf the rafter be cut by a section consecutive to H, we find 

on/ 

the value of C^ to be equal to | 



sm a 



640. In the preceding roof -truss, the inclined pieces were 
struts and the verticals were ties. Another form of truss is 
one in which the verticals are struts and the diagonals are 
ties. (Fig. 215.) The rafters are subdivided into a number 
of equal segments. At each point of division, a strut is 
placed, and kept in a vertical position by the main tie-beain 
and the inclined tie-rods, as shown in the figure. 




Fig. 215. 



The methods previously explained will enable the student 
to determine the kind and amount of strains on each piece of 
the truss. 
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541. It has been reeommeuded to check the accuracy of 
the calculations by some other method than the one used ; 
the graphical method is a very convenient one for this purpose. 
Let us apply this method to finding the strains in the roof- 
truss referred to in Art. 539. 

The load over the rafters is supposed to act as there taken, 
viz., ^ at A and B, and ^ at H and D, each. 

Assume any point, as 0. From 0, on a vertical line, lay 
off, according to a scale, Ob = ^wlj hh = 4t^Z, hd = \wlj 
and da = \wL These distances represent the loads acting 
at B, H, D, and A, respectively. Their sum Qa = wl^ hence, 




Fig. 216. 



aO = — i/?Z represents the reaction at B, due the load acting 
on the half A B F of the truss. The forces at B are Oi, Oa, 
and the stresses upo:i the pieces B H and B K. Through 5, 
draw hf parallel to B H, and through a, draw of parallel to 
B K. The polygon aOhfa will represent the system of forces 
acting at B, and the lines ^a and ^ will represent the inten- 
sities of the strains on K B and B H, respectively, at B, and 
may be taken off with the same scale used to lay off the ver- 
tical forces, OJ, JA, etc. 

Going to H, it is seen that the forces acting at this point are 
the weight ^l = iA, the strain hf^ and the unknown stresses 
on H K ana H D. Through f^ draw the straight line f(j 
parallel to H D. We thus form the 'polygon^ jbhgfy which 
will represent the forces acting at H. 

Going to K, the forces acting to strain B K and H K have 
been determined ; the forces acting in the directions of B K 
and K F are unknown. Through g^ draw gk parallel to K D, 
and hx parallel to K F, and we form the polygon, afgka^ from 
which the lines gk and ka represent the mtensities of the 
strains on D K and K F. 
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In a similar wa; , the strains on the other pieces can be 
determined. 

542. ApplioaUon of graphical method to the roof 
"With trussed ratters. — Let us apply the same method to 
the trussed roof of Art 537. Instead of the frame being uni- 
formly loaded over the raftei*s, consider it as supporting a 
load W at the vertex A. (Fig. 217.) 

The applied forces acting on the frame are the load W 
and the reactions at B and C. Assume a point, as O, and lay 
off on a vertical line the distance Ob to represent W. The 
distances he and cO will represent the reactions at B and at 
C. Through 5, draw 5<i parallel to B D, and through c^ the 
line od parallel to B E. The triangle bod will represent the 




Fig. 217. 

system of forces acting at B. Through 0, draw the line 
Og parallel to A C, and through c, draw the line eg parallel to 
C F. The triangle Ocg will represent the forces acting at C. 

Going to E, since tlie load on the truss has been supposed 
to act at A, there will be no strain on D E, and the forces at 
E will be those acting in the direction B E already found, and 
the unknown forces along E A and E F. Through rf, draw (hi 
parallel to E A, and through c, draw ca parallel to E F. The 
triangle oda will represent these three forces acting at E. 
And in the same way, the triangle cga would represent tlic 
strains on the pieces at F. 

If there had been a force acting at E in the direction of 
D E, then there would have been three unknown forces acting 
at E, and we could not have solved the problem until one oi 
these were known. 
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Purlins. 



548. The pnrlins are simply beams, and are considered as 
resting on two or more supports, according to the number 
of frames connected by them. The strains are easily deter- 
mined. 



OONSTBUOTION OF ROOFS. 



644. The most important element of the roof is the frame. 
The same rules given for frames, and the general methods 
described for their construction apply to the construction of 
the roof -truss. 
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PART VIII. 

ROADS, RAILROADS, AND CANALS. 



CHAPTER XXI. 

ROADS. 



645. A road is an open way or passage for travel, forming 
a communication between two places some distance apart 

A path or track over which a person can travel on foot is 
the simplest form of a road. A line, liaving been marked 
out or " ofa-serf" between two places, is soon beaten into a well- 
defined path by constant use. A person travelling over a road 
like this will find nothing but a beaten path on the surface of 
the ground, with few or no modifications of its surface, and 
generally with no conveniences for crossing the streams or 
rivei-s which intersect it. 

As the travel over a road of this kind increases and beasts 
of burden begin to be used for pa<;king the merchandise, 
baggage, etc., which are to be carried over the route, modifi- 
cations and improvements of the path become necessary. 
For convenient passage of the animals, the path must be 
widened, the brush and undergrowth removed, temporary 
bridges constructed or means or ferriage provided for ci'oss- 
ing streams of any considerable depth, and steep ascents and 
descents must be modified and rendered practicable for the 
pack-animals. The term "trail" is used to designate the 
original path and also the path when improved so tliat it can 
be used by pack-animals. 

Since transportation by wheels is cheaper and more rapid 
than by pack-animals, the next step will be to still furtner 
improve the road so that vehicles on wheels can be used over 
the route. This necessitates a still further widening of the 
trail, a further reduction of the slopes so as to render them 
practicable for carts and wagons, the providing of means to 
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cross the streams where they cannot be forded, and the raising 
of the ground in those localities where it is liable to be over- 
flowed. In this condition, the trail is called a road. 

As the travel over this kind of road increases, tlie wants and 
conveniences of the community demand a further improve- 
ment of the road so that the time taken in goinff over it and 
the cost of transportation shall be reduced. This is effected 
by shortening the road where possible, by reducing still further 
tne ascents and descents or by avoiding them, and by improv- 
ing the surface of the road. 

It has been proved that a horse can draw up a slope of 1^*^^ 
only one-half the load he can draw on a level. Hence, a le\ el 
road would enable one horse to do the work required of two 
on a road with these slopes. 

It has been shown that a horse can di*aw over a smooth, 
hard road, as one of broken stone, from three to four times 
as much* as he can draw on a soft earthen road. It therefore 
follows that an improvement of the surface will be accom- 
panied by a reduction both in time and cost of the transpor- 
tation. 

646. The engineer may be required to lay out and make 
a road practicable for wagons connecting two settlements 
or points, in a wild, uninhabited, and therefore unmapped 
ctmntry, as is the case frequently on our frontier, or he may 
be required to plan and construct a road having for its ob- 
jects the reduction of time and expense of transportation, 
in a country of which he has maps and other authentic 
information. In either case, the general principles guiding 
the engineer are the same. These may be considered under 
the following heads : 1st, Direction * 2d, Gradients • 3d, 
Cross-Seotion ; 4th, Road-Ck>verings • 5th, Location ; 6thy 
Ck>nstruction. 



DIRECTION. 

547. Other things being equal, the shortest line between 
the two points is to be adopted, since it costs less to con- 
struct ; costs less for repairs ; and requires less time and labor 
to travel over it. 

But straightness will be found of less consequence than 
easy ascents and descents, and as a rule must be sacrificed to 
obtain a level or to make a road less steep. 

Good roads wind around hills instead of running over 
them, and this they may often be made to do without increasing 
their lengths. But even if the curved road, which is prac- 



t:«:all J le^^L ^soulii be li>i^jer. it » r&e better ; for on it a 
h» -rse will *It%w & f:i3 I^^ad mr his hsoaI nre of ^]«ed. while 
OQ the r'jmi vver die h:IL the load zzLUgt be dizninisfaed or the 
LfX^e m^isC re»ia»-'e his rare •>f 3pee«L 

E».4i»ia ofiea tieviaie trooi the stiul^t Ime for reasons 
«»f e«!i:'ti»xnj in «!ixxgtmA!tf»-'iu 5n*i *& to AVn»id swamp v. nmrshj, 
or bail ^TTTKind. O'T ti~> a^otd large esca¥adocfe%. or to reach 
pints «^ streams better united for the appnD«cfaes of bridges, 
etc 

Great care mixst be exenrised in deciding on the line which 
the r>4i«i is to tAlow. If the line is badlr cb<Jk»en. the ex- 
peiise of coDStmctioQ and repair may be so great that it may 
iinallv be necesearj to change the line and adopt a new one. 

M8. The it >nsiderations which sboold gt.»vem the selec- 
tion of the line are : to Oi>nnect the teimini bv the meet 
direct and shortest line ; to avokl onneeessarv ascents and 
descents ; to select tl^ pr^tion of the road so that Its longi- 
tudinal slopes shall be kept within given limits ; and to so 
locate the line that the cost of the embankments, exca\-ation5, 
bridges, etc^ sliall be a minimum. 

The wants of the c<.»mmanity in the neighborhood of the 
line «»ftentimes affect the direction of the line, since it may 
be advisable and even more economical in the end to change 
the direction so as to pass throngh important points which do 
not lie on the general direction of the road than to leave 
them off the road. 

GRADIESTS, 

54f>. Theoretically, every road should be level. Tf they 
are not, a large amount of the horse's strength is expended in 
raising the load he draws up the ascent. Experiment has 
shown that a horse can draw up an ascent of j^, only 90 
j>er cent, of tlie maximum load he can draw on a level ; up 
an a--<ent of ^, he can draw al>out 80 per cent. ; of ^, be 
can draw only 64 per cent. ; of ^, only 50 per cent, ; and of 

iV- ^^"b' ^^ P^** cent. 

These numbers are affected by the nature and condition of 

the road, being different for a rough and for a smooth road, 

the resistance of gravity being more severely felt on the 

latter. 

A level road is therefore the most desiral)le, but can seldom 
be obtained. The question is to select the maximum slope 
or steepest ascent allowable. 

An ascent affecte chietiy the di-aught of heavy loads, as has 

been already shown. 
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A descent chiefly affects the safety of rapid travelling. 

550. The slope or grade of a road depends upon tlie kind 
of vehicle used, the character of the road-covering, and the 
condition in which the road is kept. From the experiments 
above mentioned it would seem that the maximum grade for 
ascent should not be greater than 1 in 30, although 1 in 20 
may be used for slioii; distances. 

For descent, the grade should be less than the angle of 
repose, or that inclination at which a vehicle at rest would 
not be set in motion by the force of gravity. This angle 
varies with the hardness and smoothness of the road-covering, 
and is affected by the amount of friction of the axles and 
wheels of the vehicles. On the best broken stone i-oads in 
good order, for ordinary vehicles, the maximum grade is 
taken at 1 in 35. 

Steeper grades than these named produce a waste of ani- 
mal power m ascending and create a certain amount of dan- 
ger in descending. 

551. Although theoretically the road should be level, in 
practice it is not desirable that it should be so, on account of 
the difficulty arising of keeping the surface free from water. 
A moderate inclination is therefore to be selected as a mini- 
mum slope for the surface of the road. This slope is taken 
at 1 in 125, and in a level country it is recommended to form 
the road by artificial means into gentle undulations approxi- 
mating to this minimum. 

It is generally thought that a gently undulating road is 
less fati^uhig to a hoi-se than one which is level. Writers 
who hold this opinion attempted to explain it physiologically, 
stating that as one set of muscles of the horse is brought into 
play during the ascent and another during the descent, that 
some of the muscles are allowed to rest, while others, those in 
motion, are at work. This explanation has no foundation in 
fact, and is therefore to be i-ejected. The principal advan- 
tage of an undulating road is not the rest it gives the hoi-se, 
but the facilities which are afforded to the flowing of the 
water from the surface of the road. 



CR088-SKCTION. 

562. The proper width and form of roadway depend upon 
the amount and importance of the ti-avel over the road. 

Width. — The least width enabling two veliicles to pass 
with ease is assumed at 16^ feet. The width in most of the 
States is fixed by law. 
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In England, the Tvidth of turnpike roads approachiiu; 
large towns, on which there is a great amount of travel, is 
60 feet. Ordinary turnpike roads are made 35 feet wide. Or- 
dinary carriage roads across the country are given a width 
of 25 feet ; for horse-roads, the width is 8 feet ; and for foot- 
patlis, 6^ feet. 

Telford's Holyhead road is made 32 feet wide on level 
ground ; 28 feet wide in moderate excavations ; and 22 feet 
in deep excavations and along precipices. 

In I ranee there are four classes of main roads. The first 
or most important are made 66 feet wide, the middle third d 
which is paved or made of broken stone. The second class 
are 52 feet wide ; tlie third are 33 feet wide ; and the fourth 
are 26 feet wide. All these haTO the middle portioa ballasted 
with broken stone. 

The Roman military roads had their width established by 
law, at twelve feet when straight and sixteen when crooked. 

Where a road ascends a hill by zigzags it should be made 
wider on the curves connecting the straight portions ; this in- 
crease of width being one-fourth when the angle included 
between the straight portions is between 120° and 90®, and 
one-half when the angle is between 90** and 60°. 

553. Form of road'way. — The surface of the road musk 
not be flat, but must be higher at the middle than at the 
sides, to allow the surface water to run off freely. 

If the surface is made flat, it soon becomes concave from 
the wear of the travel over it, and forms a receptacle for 
water, making a puddle if on level ground, and a gulley if 
the ground is inclined. 

The usual shape given the cross-section of the roadway 
is tliat of a convex curve, approaching in form a segment of 
a circle or an ellipse. This form is considered objectionable 
for the reasons that water stands on the middle or the road ; 
washes away its sides • that tiie road wears unequally, and 
is very apt to wear in noles and ruts in the middle ; and that 
when vehicles are obliged to cross the road, they have to 
ascend a considerable slope. 

554. The best fonn of the upper surface of the roadway is 
that of two inclined planes nninded oflF at t^eir intersection 
by a curved surface. The section of this curved surface is a 
flat segment of a circle about Ave feet in length. 

The inclination of the planes will be greatest where the 
surface of the road is- rough and least where it is Pmoothest 
and liardest. A slope of ^ is given a road with a bix»ken 
stone covering, and may be as slight as A^ for a road paved 
with square blocks. The transverse slope should always 
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exceed the longitudinal slope of the road, so as to prevent tlie 
surface water irom running too far in the direction of the 
length of the road. 

On a steep hillside, the surface of the I'oadway should be 
a plane inclined inwards to the face of the hill. A ditch on 
the side of the road next to the hill receives the surface 
water. 

565. Foot-paths. — On each side of the roadway, foot-paths 
should be made for the convenience of passengers on foot. 
They should be from five to six feet wide and be raised about 
six inches above the roadway. The upper surface should 
have an inclination towards the "side channels," to allow the 
water to flow into them and thence into the ditches. When 
the natural soil is firm and sandy, or gravelly, irs surface will 
servo for the foot-patlis ; but if of loam or clay, it should be 
i^moved to a depth of six inches and the excavation filled 
with gravel. 

Sods, eight inches wide and six inches thick, should be 
laid against the side slope of the foot-path next to the road, to 
prevent the wash from the water running in the side chau- 
iiels. 

Fences, hedges, etc., where the road is to be enclosed, 
should be placed on the outside of the foot-paths, and outside 
of these should be the ditches. (Fig. 218.) 




Fio. 218. — a, cross-section uf roadway; 6, 6, foot-paths ; /,/, fences; 
d, d, ditohes ; «, «, side drains. 

556. ntohes. — Ditches form an important element in the 
coKStruction of a good road. 

The surface of the road has been given a form by means 
of which the water falling on it is carried oft* into the gut- 
ters or side channels of the i*oad, whence it is conveyed by 
side drains, /?, 8 (Fig. 218), into ditches, which inmiediately 
carrv off all the water which enter them. 

Tlie ditches are sunk to a depth of about three feet below 
the roadway, so that they shall thorouglily drain off the 
water which may pass through the surface of the roadway. 
These ditches should lead to the natural watercourses of the 
country, and have a slope corresponding to the minimum lon- 
gitudinal slope of the road. Their size will depend upon 
circumstances, being greater where they are required to carry 



416 CmL ENGINEERING. 

away the water from side-hills or where they are made in 
wet grounds. A width of one foot at the bottom will gen- 
erally be sufficient. 

There should be a ditch on each side of the road, on level 
ground or in cuttings. One is sufficient where the road is on 
the side of a hill. 

557. Side-slopes. — ^The side-slopes of the cuttings and 
embankments on each side of the road vary witli the nature 
of the soil. 

Kock cuttings may be left vertical or nearly so. Common 
earth should have a slope of at least f , and sand, J. Clay is 
treacherous and requii'es different slopes according to its liabil- 
ity to slip and the presence of water. The slope required in 
each case is best determined by observing the slope assumed 
by these earths in the locality of the work where exposed to 
the weather. 

When the road is in a deep cutting, the side slopes should 
not be steeper than J, so as to allow the road, by its exposure 
to the sun and wind, to be kept dry. 

Whenever the side-slopes are of made earth, earth removed 
and placed in position like that of an enbankment, the-filopes 
should be more gentle. 

BOAD-COVERINGS. 

558. The road-covering of a common country road, and 
most generally of all the new roads in our country, is the 
natural soil thrown on the road from the ditches on each side. 
In many cases there are even no ditches, and the road-cover- 
ing or upper surface of the roadway is the natural soil as it 
exists on the hard subsoil beneath, when the soft material has 
been removed by scraping or by some other method. 

Roads of this kind are deficient in the qualities of hardness 
and smoothness. To improve these roads, it is necessary to 
cover the surface with some material, as wood, stone, etc, 
which will substitute a hard and smooth surface for the soft 
and uneven earth, and which, acting as a covering, will pro- 
tect the ground beneath from the action of the water that 
may fall upon it. 

559. Roads may be classified from their coverings as 
follows : 

I. Eaktu roads. 

II. Roads of wood. 

III. Gkavel roads. 

IV. Roads of broken stone. 
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V. IloADS PAVED WITH 8TONK. 

VI. Roads covered or paved wtth other MATiCRtAt.s, 

VII. Tram-roads. 



I. EARTH ROADS. 

560. These are the most common and almost tho only kind 
of Foads in this country. From what has been said, w« know 
that they are deficient in hardness and generally in smooth- 
ness. In wet weather, when there is mnch travel of a heavy 
kind over them, they become almost im|)assal)le. 

The principal means of improvement for these roads arc to 
reduce the grades, thoroughly drain tin; roadway, and fn!cly 
expose the roadway to the innuencje of the sun anrl winch In 
repairing them, the earth used to fill the liolr;s and hollows 
should be as gravelly as possible and free fn»m murk or 
monld. Stones of considerable size should not be us<^d, jw 
they are liable to produce lumps and ridges, makini^c an nn 
even surface disagreeable to travel uj^^n. 



n. ROADS OF WOClD. 

561. Corduroy roadB. — When a r(ifu\ j/a*w»s over a mawh 
or soft swampy piece of ground which cannot \f*', drairicd, or 
the expense of which wcruld be t'rff jrrcat, a cy/rd'iroy r^/Hf] 
IB frequently use^l. Tliis* kind of r'/a/| w wfuUi l»y layin/ 
straight logs of titnl^r, cither round nr A\A\t, f.ut to JnitAb>j 
lengths, side by side acnj*^ the r^/ftd af right hu^\^m Up \r* 
length. 

It is hardly worthy of rhe iiamc of a r-a^l, Jind I:* ^iTrr^-,^;!" 
nnpleasant to perv>nA nding over it. buf It ]< uH^f.r^uf-.f*,*^ 
extremely valuable, aA ^^therArliV;, the ^wamp a/'.r/w xhi^l. ir, 
is laid woald at tirni=A \xz \xui^w>ii^\f\4». 

562. Plank n»d«*— In diAfri^^A wh^r^ !r,rrir.^r '.^ ^-h^^v ^rA 
gravel and ^tone carin^it r >#? ea,* 1 1 7 '->! >tA 1 uf-4 , r^*«wi- *''//• ^ • r . ; . /* ^f' 
plank have been oAerL 

The metbrjd mrj^. gr^n^^rally vJoptM in ^'/•,n^^ri<"-^'nsf * r'fld 
of thii claflA rximiAt.^'ln iay'n^ a Afsf,r.u(/ r,r r.r^f\e, ^'.•/hr f^in; 
wide. of b^fftrdA rV'>n"i r»ii.#=; v, **r^!v^. i. ch^-i .'r. ci^'irn »0'. 
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inches in thirkne^M, T:.r -/-/♦r'-l^ r^a^ 'ijX^r, *»•'» p<»ra ».♦'■: -vr^ 
of sleepers, or --il 1:*, ^aiil .Ar.2^h.r;«w* ^f -fi^. r^/»»'i. *!"> •'« ■ "^'Z 
their c^nrre iine^ aji*,'ir f',«i;- i-V/>t :;»i^<ir. or ^ r., r'./^t f- • : ^^** 
axia of the road. 

The boards are laid p#*,rp^ndicalar ty-> the axi*» vf *h^ •^*«^- 
47 
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experience having shown that this position is as favorable to 
their durability as any other and is also the most economicHl. 

When the road is new and well made, it offei-s all the ad- 
vantages of a good road and is a very pleasant one to use. 
But when the planks become woni and displaced it makes a 
vei-y disagreeable and indifferent road. 

Some ycare ago they were much used, but as a general 
thing they are no longer built except under very peculiar 
and urgent circumstances. 

m. GRAVEL ROADS. 

503. These are roads upon which a covering of good gravel 
has been laid. 

The roadway is fii-st prepared by removing the upper layer 
of soft and l(X)ee eartn, and thoroughly draining the n)ad. 
The bed is sometimes of the shape of the upper surface of the 
road, but more generally it is merely maae level ; on this a 
layer of gravel about four inches in tliickness is laid, and 
when compacted by the travel over it another layer is laid, 
and so on until a tliickness of sixteen inches at the centre 
has been reached. 

It is advisable to compress the bed by rolling it well with 
a heavy iron roller before beginning to lay the gravel. In 
Rome cases a bed of broken stone has been used. 

Giavel from the river shores is generally too clean for this 
kind of road, there not being enough clayey material mixed 
with it to bind the grains together. On the other hand, 
gnivel from pits is apt to be too dirty and requires a partial 
cleansing to nt it, for this purpose. 

The gravel used should be sifted through screens, and all 
pebbles exceeding two inches in diameter be broken into 
i?niall pieces or rejected. 

The iron roller can l>e advantageously used to assist in 
compacting the layers of gravel as they are put on the i-oad. 

A gravel road carefully made, with good side ditches to 
thoroughly drain the road-bed, forms an excellent road. 

Some gravel roads are very poor, even inferior to an earth 
road, caused in a great measure by using dirty gravel which 
is carelessly thrown on the road in spots, which cause the road 
to soon wear into deep ruts and hard ridges. 

IV. ROADS OF BROKEN STOKE. 

564. The covering of roads of this class, both in this 
country and Europe, is composed of stone broken into small 
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angular fragments. These fragments are placed on the natu- 
ral bed in layers, a« in the gravel road, or they niay be placed 
in layers on a rough pavement of irregular blocks of stone. 

565. Macadamized roads. — When the stone is placed on 
the natural road-bed, the roads are said to be " macaaamized," 
a name derived from Mr. McAdam, who lirst brought this 
kind of road into general use in England. 

The construction of this road is very similar to that just 
given for a gravel road. The roadway having received its 
proper shape and having been thoroughly drained, is covered 
with a layer of broken stones from three to four inches thick. 
This layer is then thoroughly compacted by allowing the 
travel to go over it and by rolling it also with heavy iron 
rollers ; care being taken to fill all the ruts, hollows, or other 
inequalities of the surface as fast as tliey are formed. Suc- 
cessive layers of broken stone are then spread over the road 
and treated in the same manner, until a tnickness of between 
eight and twelve inches of stone is obtained. Care is taken 
that the lavers, when they are spread over the surface, are 
not t(X) thiclc, as it will be difficult, even if it be possible, to 
get the stone into that compact condition so necessary for a 
good road of this kind. 

566. Telford roads. — This is the name given to the broken 
stone roads in which the stone rests on a rough pavement 
prepared for the bed. (Fig. 219.) 
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This pavement is formed of blocks of stone of an irregular 
pyramidal shape ; the base of each block being not more 
tlian five inches, and the top not less tlian four inches. 

The blocks are set by the hand as clr>sely in c^mtact at their 
bases as practicable ; and bk>cks of a suitable size are selected 
to give the surface of the pavement a slightly c^mvex shape 
from the centre outwards. The spaces between tlie bUxiks 
are filled with chippings of striue c^>rnpa<;tly set with a «mall 
hammer. 

A lajrer of brf»ken stone, four inches thick, is then laid 
over this pavement, for a width <*f nine feet on each side of 
tiie centre ; no fragment of this layer sliouid meabure over 
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two and a half inches in any direction. A layer of broken 
stone of smaller dimensions, or of clean coaree gravel, is 
spread over the wings to the same depth as the centre layer. 

The road-covering, thus prepared, is thrown open to travel 
until the upper layer has become perfectly compact; care 
having been taken to fill in the ruts as fast as formed with 
fresh stone, in order to obtain a uniform surface. A second 
laver, about two inches in depth, is then laid over the centre 
of the roadway ; and the wings receive also a layer of new 
material laid on to a sufficient thickness to make the outside 
of the roadway nine inches lower than the centre. A coat- 
ing of clean coarse gravel, one inch and a half thick, is then 
spread over the surface, and the road-covering is considered 
as finished. 

The stone used for the pavement may be of an inferior 
quality in hardness and strength to the broken stone on top, 
as it is but little exposed to the wear and tear occasioned by 
travelling. The surface-stone should be of the hardest kind 
that can be procured. 

567. Kind of stone used for broken stone roads. — The 
stone used for these ix)ads should be selected from thfvse 
which absorb the least water, and are also hard and not brit- 
tle. All the hornblende rocks, porphyry, compact feldspar, 
and some of the conglomerates furnish g(X>d, durable road- 
coverings. Granite, gneiss, limestone, and common sand- 
stones are inferior in this respect, and are used only when the 
others cannot be obtained. 

508. Repairs. — Broken stone roads to be good must be 
kept in thorough repair. If the road is kept in order it will 
need no repaii*s. The difference between "kept in order ^' 
and "repairs" is that the latter is au occasional thing, while 
the former is a daily operation. To keep the road in order 
requires that the mud and dust be daily removed fnmi tlie 
surface of the road and that all ruts, depressions, etc., be at 
once filled with broken stone. 

It is recommended bv some that when fresh material is 
added, the surface on which it is spread should be l)roken 
with a pick to the depth of half an inch to an inch, and the 
fresh material be well settled by ramming, a small quantity 
of clean sand being added to make the stone pack better. 
When not daily repaired by persons whose sole business it is to 
keep the road in good order, general repairs should be made 
in the spring and autumn by removing all accumulaticms of 
nnid, cleaning out the side channels and other drains, and 
adding fresh material where requisite. 
. If practicable, the road-surface at all times should be kept 



ROMAN R0.VD8. 421 

free from an accumulation of mnd and dust, and the surface 
preserved in a uniform state of evenness by the daily addition 
of fresh material wherever the wear is sufficient to call for it. 
Without this constant supervision, the best constructed road 
will, in a short time, be unfit for travel, and with it the weak- 
est may at all times be kept in a tolerably fair condition. 

V. ROADS PAVED WITH STONE. 

569. A good pavement should offer but little resistance to 
the wheels, and at the same time give a firm foothold to 
horses ; it should be durable, free from noise and dirt, and 
so constructed as to allow of its easy removal and replace- 
ment wlienever it may be necessary to gain access to gas or 
water pij)e8 which may be beneath it. 

570. Koman roads. — The ancient paved Roman roads, 
traces of which may still be seen as perfect as when first 
made, were essentially dressed stone pavements with concrete 
fonndations resting on sub-pavements. The entire thickness 
of the road-covering was about threfe feet, and was made as 
follows : 

Tlie direction of the road was marked out by two parallel 
furrows in the ground, and the loose earth from the space 
between them removed. A bed of mortar was then spi'cad 
over the earth, and on this the foundation {statumen)^ com- 
posed of one or two courses of large flat stones in mortar, 
was laid. On this foundation was placed a course of con- 
crete (ywrfw^), composed of broken stones. If the stones 
wei-e freshly broken, three parts of stone to one of lime were 
nsed ; if the stone came from old buildings, two parts of lime 
were used. On this course a third {nncleiis)^ composed of 
broken bricks, tiles, pottery, mixed with mortar, was placed. 
In this layer was imbedded the large blocks of stone (sut/it 
ma crtista) forming the pavement. These stones were ir- 
regular in form, rough on their nnder side, smooth on their 
in)per, and laid so that the upper surface should be level. 
They were laid with great care and so fitted to each other as 
to render the joints almost imperceptible. 

When the road passed over marshy ground, the foundation 
was supported by timber-work, generally of oak ; *the timber 
was covered with rushes, reeds, and sonietimes sti-aw, to pro- 
tect it from contact with the mortar. 

On each side of the I'oadway were paved foot-paths. 

571. English paved roads.— Some of the paved roads in 
England are partial imitations of the Eoman road. This 
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pavement (Fi^. 220) was constructed by rennoving the siir- 
race of the soil to the depth of a foot or more to obtain a firm 
bed. If the soil was soft it was dug deeper and a bed of 
sand or gravel made in the excavation. On this a broken 
stone road -covering similar to those already described was 
laid. On this broken stone was spread a layer of fine clean 
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Fig. 220. 

gravel, two and a half inches thick, on which rested the pav- 
ing stones. The paving stones were of a square shape, and 
were of different sizes, according to the nature of the travel 
over the ix)ad. The largest size were ten inches thick, nine 
inches broad, and twelve inches long ; the smallest were six 
inches thick, five inches broad, and ten inches long. Each 
block was carefully settled in its place by means or a heavy 
rammer ; it was then removed in order to cover the side of 
the one against which it rested with hydraulic mortar; tliis 
being done, the bIoi:k was replaced, and properly adjusted. 
The blocks of the different coui*ses across the roadway break 
joints. 

This pavement fulfils all the conditions i-equired of a good 
road -covering, presenting as it does a hard even surface t<» 
the action of the wheels, and reposing on a firm bed formed 
by the broken-stone bottoming. The mortar-joints, so long 
as they remain tight, v\'ill effectually prevent the penetration 
of water beneath the pavement. 

572. Belgian pavement. — This pavement, so named from 
it)!^ common use in Belgium, is made with blocks of rough 
stone of a cubical form measurin<): between eiorht and nine 
inches along the edge of the cul>e. These blocks are laid tui 
a bed of sand ; tlie thickness of this bed is only a few inches 
when the soil beneath is firm, but in bad soils it is increased 
to from six to twelve inches. The transversal joints are usu- 
ally continuous, and those in the direction of the axis of the 
road l)reak joints. In some cases tlie blocks are so laid that 
the joints make an angle of 45° with the axis of the n»adway, 
one set being continuous, the other set breaking joints. By 
this arrangement of the joints, the wear upon the edges of 
the blocks, by which the unj^er surface soon assumes a con- 
vex shape, is diminished. It has been ascertained by experi- 
ence, that when the blocks are laid in the usual manner, the 
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wear upon the edges of the block is greatest at tlie joints 
which run transversely to the axis. 

When a bed of concrete is used, instead of or in addition 
to a bed of sand, and the upper surface of the blocks is rec- 
tangular instead of square, there results a pavement much 
used in New York City. 

573. Cobble-stone pavement. — Rounded pebbles (cobble 
stones) are used frequently for pavements. Tliis pavement 
is composed of round or egg-shape pebbles, from five to ten 
inches long, three to six inches wide, set on end in a bed of 
sand or fine gravel, and firmly settled in place by pounding 
with a heavy rammer. A.fter the stones arc driven, the road- 
surface is covered with a layer of clean sand or gravel, tw<» 
or three inches thick. 

The objections to this pavement are its roughness; the 
resistance oftered to the wheels ; the noise ; the ease with 
which holes are formed in the road by the stones being pressed 
down in the ground by heavy loads passing over tliem ; the 
difficulty of cleaning its surface ; and its need of frequent 
repairs. 

674. Kind of stones used for pavements. — The fine-gi-ained 
granites which contain but a small proportion of mica, and the 
tine-grained silicious sand-stones which are free from clay, 
form good material for blocks for paving. Mica slate, talcose 
slate, hornblende slate, some varieties of gneiss, and some 
varieties of sand-stone of a slaty structure, yield excellent 
materials for pavements for sidewalks and paths. 



VI. ROADS OF OTHER MATERIALS. 

575. Wooden blocks have been much used recently in 
paving the streets of our towns and cities. Brick, concrete, 
asphalte, and even cast iron, are or have been used for road- 
coverings. Roads near blast-furnaces are frequently seen 
covered with the slag from the furnaces, and those near kilns 
where cement is burned, with cinders and clinkers from 
tlie kilns. Road-coverings of charcoal have been tried in 
jilK-lngan and Wisconsin. 

The wo<^)den, brick, and asphaltic pavements are the most 
common of these. 

Wooden pavements. — W(X)den pavements are the same 
in principle as stone. The road-bed is formed and the 
blocks of wood are placed in contact with each other upon 
the surface of the road-bed as descri}>ed for the blocks of 
stone pavements. The wooden blocks are parallelopipedons 
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in form and are laid with the grain of the wood in the direc- 
tit n of tlie depth of the road. From slight diflFerences in the 
detaus of construction of wooden pavements there has arisen 
quite a variety of names, as the Nicolson, the bastard Nicolson, 
the Stowe, the Greeley, the unpatented, etc., all using the 
wooden blocks, but differing slightly in other ways. 

Wooden pavements offer a smooth surface; are easily 
kept clean ; not noisy ; easy for tlie horses and vehicles ; 
jjleasant to ride upon ; and are cheaper at first cost than 
stone pavements. For these reasons they have been much 
used in the United States. 

They ai'e, however, slippery in wet weather; soon wear out; 
and unfit for roads or streets over which there is a heavy travel. 
True economy forbids their use except as temjxu-ary roads. 

576. Asphaltio ooverings. — Asphaltic roads may be com- 
posed of broken stone and this covered with asphaltic con- 
crete, or the broken stone covered with ordinary concrete and- 
this pverlaid with a covering of asphalte mixed with sand- 
Asphaltic roads present a smooth surface which does n(4> 
become slippery by wear; a surface free from dust and mud ^ 
not noisy ; and from its imperviousness to moisture fornix 
an excellent covering over the road-bed beneath and pi^event^ 
the escape of noxi<jus vapors from below. 

Asphaltic roads properly made are growing steadily in 
favor and when they are better known will be more generally 
adopted for all streets in towns and cities, over which the 
travel is light. 

Vn. TRAM-ROADS. 

577. In order that the tractive force should be a minimum, 
the resistance offered to the wheels of the carriage should be 
a minimum. In other words, the harder and snuK)ther tlie 
road, the less will be the tractive force required. But car- 
riages di-awn by horses require that the surface of the road 
should be rough, to give a good fof)thold to the horses' feet. 
These two opposite requirements are united only in roads 
with track-ways, on which there are at least two parallel 
tracks made of some hard and smooth material for the wheels 
to run upon, while the space between the tracks is covered 
with a different material suitable for the horses' feet. Gm- 
stiuctions of this class are termed ''tram-roads" or " ti*ain- 
ways." The surface of the tracks or " trams " are made flush 
with that of the road and are suitable for the wheels of ordi- 
nary carriages. Their construction will be alluded to in the 
next chapter. 
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CHAPTER XXIL 

XiOOATION AND OONSTRUOTION OF ROADS. 

578. In establishing a road to afford means of communi- 
cation between two ariven places, there are seveml points 
which must he considered by tlie engineer and those inter- 
ested in its construction. These are the kind of road to bo 
selected, the general line of direction to be chosen or located, 
and the construction of the road. 

The selecticm of the kind of road depends upon the kind 
of travel which is to pass over it ; the anion nt of travel, both 
present and prospective ; and the wants of the community 
in the neighborhood of the line. The location and construe- 
tion of the road depend upon the natural features of the 
country through which the road must pass, and as these come 
exclusively within the limits of the engineer's profession, 
they alone will be considered in this chapter. 



LOCATION. 

579. Reoonnoissanoe. — The examination and study of the 
countrj' by the eye is termed a reoonnoissanoe, and is usually 
made in advance of any instrumental surveys, to save time 
and expense. The general form of the country and the ap- 
proximate position of the road may frequently be determined 
bv it. 

A careful examination of the general maps of the country, 
if any exist, will lessen the work of the reconnoissance very 
much, as by this the engineer will be able to discover many 
of the features which will be favorable or otherwise to the 
location of the road in their vicinity. 

Roads along the bank of a large stream will have to cross 
a number or tributaries. Roads joining two important 
streams running nearly parallel to each other must cross high 
grcmnd or dividing ridges between the streams. 

An examination of tlie map will show the position of the 
streams, and from these the engineer may trace the general 
directions of the ridges, determine the lowest and highest 
points, and obtain the lines of greatest and least slopes. 
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With this infonimt'oii the dii-ectioiiaof the roads leading from 
one \allev to aiintlier may be approximately located. 

It is seen (Fig. 221) that if A and B are to l>e joined by a 
road, that the mad may run direct from A to 6, as shown by 
the dotted line joining them, or it may go, by following the 




general directions of the streams, through C, as shown by the 
dotted line ACB. By the fii'st route, the road would be 
apimrently shorter, but the asuents and descents wonld be 
greater; hv the second, the road would be longer, bnt the 
ascoitu an.l descents more gentle, and the total difEereuce of 
level to be nassed over wonld be less. 

We can draw this conclusion from the fact that the streams 
have made for themselves channels which follow the lines of 
gentlest slope. And that if two sti-cams flow in the same 
direction, the liigh ground or ridge separating them has 
tlie same general direction and inclination as the streams. 
And if two streams approach eacii otiier near their soni-ces, 
as those at C in the figure, that this indicates a depression in 
the main ridge in this vicinity. 

lleiice long lines of i-oad usually follow the valleys of 
streams, obtaining in this way moderate grades and crossing 
the ]'idf,'es by the lowest passes. 

The engineer having studied thoroughly the map and made 
himself acquainted with the natural features of the country 
as there indicated, pi-oci-cds to make a i>ersonal examination 
of the giMuud, to identify these natural features, and to verify 
the conclu«ous deduced fi'om the study of the map. 

In tnakiug the examination, he gnes both forwards and 
backwaixls over the ground so as to see it from both direc- 
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tioiiR, and in this way verify or correct the impressions he has 
received as to its nature. 

By means of the reconnoissance he establishes " approxi- 
mate " or "trial lines" for examination. These lines are 
marked out by " blazing " if in a wooded country, or by stout 
stakes driven at the important points if the country be a 
cleared or open one. 

580. Surveys. — The surveys are divided into three classes : 
preliminary surveys, surveys of location, and surveys of con- 
struction. 

The preliminary survey is made with ordinary nistru- 
ments, generally a transit and a level, and has for its object 
the measurement of the length of the road, the changes of 
direction of the different courses, the relative heights of the 
different points or differences of level along the line, and of 
obtaining the topography of the country passed over in the 
immediate neighborh<x>d of the line. 

The line is run without curves, and therefore, when plot- 
ted, consists of a seiies of straight lines of different lengths, 
forming at their connection angles of varj'ing size. 

The levelling party, besides taking the measurements re- 
quisite to construct a profile of the line, make cross-section 
levellings at suitable points, so as to show the form of surface 
of the road. 

The topography on each side of the line is ordinarily 
sketched in by eye ; instrumental measurements being occa- 
sional! v made to <*heck the work. 

581. Map and memoir. — The results <^f these surveys 
are mapped, and all the information gathered during the 
survey which cannot be siiown on the map is embodied in a 
memoir. 

From these trial lines thus surveved, the engineer makes a 
selection, being governed by the considerations mentioned in 
Art. 5(57, viz., shortness of route, avoidance of unnecessary 
ascents and descents, selection of favorable grades, and econ 
omv of construction. 

582. Estimate of the cost. — This can be made ap- 
pi-oximately after the engineer has establislied the grades. 

The kind of road and the character of the travel over it 
generally fix the limits of its longitudinal slopes. To fix 
tliem exactly, the engineer constructs the profiles of the dif- 
ferent se^'^tions of the road and draws the "grade lines" on 
these profiles, keeping their slopes within the general limit 
already assumed. Thus in a profile (Fig. 222) the grade 
line A B is dmwn, following the mean or general slope of the 
ground, equalizing as far as possible the undulations of the 
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pruGle above and below the grade line. The inclination of 
the grade line with the horizontal is then measui-ed, and if its 
slope falls within the limit assuined, the gi'ade is a satisftictorj 
one and the aniounte of excavation and embankment are 
nearly equal. If the inclination be found too steep, either ' 
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Fro. 223. 

the top of the hill must be cut down or the length of the line 
between the two points at top and bottom be increased. The 
latter is tlie method usually adopted. Thns if the road laid 
out on a atraight line joining C and D (Fig. 223) requires a 
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Bteeper gi-ade than the maximum grade adopted, the length 
of the road between tliese points, C and D, mav be iiici-eaacd 
by curving it, as shown by tho line C E F D. "Tlie length to 
give this winding road is easily determined so that the grade 
of every iwition of the road shall be kept within the assumed 
limit. The proper grade line having been determined and 
drawn on the profiles, the height iif the embankments and 
the depth of the cuttings are determined. 

Knowing the width of the ivmd, the form of its surface, 
and the inclination of the side slopes, the cubical contents of 
the excavations and embankments may be calculated, and an 
estimate of the cost made. 

The t!om]iarative costs of the routes being determined and 
the considerations incntiuned in last article given their full 
weight, the engineer selects the particular line for the road. 

It is well to eajr tliat it happens often that no trial lines 
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are necessary ; the route to be followed by tUo nmil Ivoing 
apparent. 

583. Survey of looatioiL-- The route boinjf Holootml* it l« 
one over again and moi-e accurately survovod. It ii» ohw- 
ully levelled at regular intervals in the dii\>ction of it« lon^lli, 

and cross-levels at all important points am niado. Tlu« itntflim 
made by the changes of direction of the lino are routHliMrnrt 
by curves, the curves being generally anjn of ciri'hm. Ad* 
vantage is taken of this survey to place the lino in itrt hopt 
position so as to reduce to a mininuun the onihankinotttM 
and excavation, and to give the best approachoH to tho poinfn 
where streams are to be crossed. 

The line is divided into a number of divigionn, and niMi»« of 
these divisions are made showing the road in plan fino thn 
longitudinal and cross-sections or the natural ground^ with 
the horizontal and vertical measuremcntH writton noon flM-rn. 

By these maps, the engineer can lay out tiM? lino ofi tli^ 
gi-ound and can detennine the amount of oxfjavation and 
embankment required for each divisi(;n. 

Besides these maps, detailed drawing>iof the rfmf\-(UfVf'riuff^ 
of the bridges, culverts, drains, etc*, with the writf^^n f<|^'/'jti- 
cations explaining how the work on ea^jh muftt U? done, -^honld 
be prepared. 

The Wi*rk is now in the c^>nditioTi that cMiwAUrri, ui \\i^ c/mt 
can be accurately ma^le and if a f;<^>TiHtrnctioii l>^;giin. 

584. Survey of construction* -Thf*. r<'/ad U /oTiAtrn/^f/?/! 
by contract or -day laFK>r." Whichf^v^-r u\Ht\\fA ij^ ^^^ptM, 
it is first nef:e8»?arj' V) "^lay ont the work." 7 hi* laying (fni 
the work fonnrw the third cia*s of .^nrv^^y-*, or Aorvfty of o/^- 
stroction. 

FvAti rhe mapw showing the kx'Ation, the engine#^,r yr^X'^^/U 
to mark oat the axi^ of the rr>a^l nprm the ground l>y m«*an4* 
of stout pegs or ^tsi^kf^ driven at er^nal intervan ^^ys^rt^ n^\r\*/ a 
traniiit or the«xiolire r.> keep them in rhe proper I me. Th#*-<e 
stakes are nnml>erftd D> f'^>rrfiAy,nA with rhe :Vime p/^^intM indi- 
cated on the map. 

The widrh of rhe r/'>adway and the linet* or\ rhe arronnH 
cr>rre8p^>nding ro rhe nide nlopesi of the ex^'^v;%rionM and em- 
bankment.-*, are laid ont in rhe -lame manner^ hy -«t>ike« plaee4 
along the h'nea of the «^r^>w profile;*. 

Beiiiies* rhe nnmh**n mark^fl '#fi rhe ^takeg, *-o !ndwr«t^- '■heir 
position on the :nay>, ofher nu?nlv^.r*. -«howInsf rhe deprh o( rhe 
excavationH, <>r ^\\^, heij^lit '>f rhe e>nhf*nkm*»T»tH fr«>m rhe -«iir- 
faue of die ,proi\wi, >*#'<'/>mpanie/i i>y rl^e .ftif>r^ Cat. tHh ro 
indirace a cutting:, or ^i ftlHng:, ;^« rl^e <^vf*A mt^y >^. ;»r*» ;»l^w> 
added Co guide the frorkmen. Tiie po^rionw of' rhe :^f9tkeA ^yn 
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the ground, which show the principal points of the axis of the 
road, should be laid down on tlie map by bearings and dis- 
tances from bench-marks in their vicinity, in order that the 
points may be readily found should the stakes be subsequently 
misplaced. 

Curves. — Curves are not necessary for common roads, but 
it always looks better even in a common road to join two 
sti-aight portions by a regular curve than by a bent line. 

Curves are laid out by means of offsets from a chord or tan- 
gent, or by angles of deflection from the tangent. The latter 
method, using a transit or theodolite, is the one most com- 
monly employed. 

CONSTRUCTION. 

685. Barth-'work. — This term is applied to all that relates 
to the excavations and embankments, whatever be the mate- 
rial excavated or handled. 

Excavations. — In forming the excavations, the inclination 
of the side slopes demands particular attention. This incli- 
nation will depend on the nature of the soil, and the action of 
the atmosphere and internal moisture upon it. In common 
soils, as ordinary earth fonned of a mixture of clay and sand, 
hard clay, and compac^t stony soils, although the side slopes 
would withstand very well the effects of the weather with 
a greater inclination, it is best to give them a slope of i; 
as the surface of the roadwav will, bv this arrantrement, be 
better exposed to the action of the sun and air, which will cause 
a rapid evaporation of the moisture on the surface. Pure 
sand and gravel require a slope of ^. In all cases where the 
depth of the excavation is gi-eat, the base of the slope should 
be increased. It is not usual to use artificial means to pi-otect 
the surface of the side slopes from the action of the weather; 
but it is a precaution which, in the end, will save miwh labor 
and expense in keeping the roadway in good order. The 
simplest means which can be used for this purpose, consist in 
covering the slopes with good sods, or else with a layer of 
mould about four inches thick, and sown with grass-seed. 
These means will be amply sufticient to protect the side 
slopes from injury when they arc not exposed to any other 
causes of deterioration than the w^ash of the rain and the 
action of frost on the ordinary moisture retained by the soil. 

The side slopes form usually an unbroken surface from the 
foot to the top. But in deep excavations, and particularly in 
soils liable to slips, they are sometimes formed with horizontal 
offsets, termed beaches, which are made a few feet wide and 
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ive a ditch on the inner side to receive the surface-water 
"■fltoin the portion of the side slope above them. These benches 
•^%itch and retain the earth that may fall from the portion of 
•■Ae side slope above. 

In excavations through solid rock, which does not disinte- 
^fgrate on exposure to the atmosphere, the side slopes might be 
JKmade perpendicular; but as this would exclude, in a great 
i.* degree, the action of the sun and air, which is essential to 
Bi. keeping the road-snrface dry and in good order, it will be 
B necsessary to make the side slopes with an inclination, varying 
fr according 'to the locality; the inclination of the slope on the 
south side in northern latitudes being greatest, to expose bet- 
ter the road-surface to the sun's rays. 

Embankments. — In forming the embankments, the side 
elopes should be made less than the natural slope ; for the pur- 
: pose of giving them greater durability, and to prevent the width 
of the top surface along which the roadway is made from 
diminishing by every change in the side-slopes, as it would 
were they made with the natural slope. To protect more 
effectually the side-slopes, they should oe sodded or sown in 
grass seed ; and the surface water of the top should not be 
allowed to run down them, as it would soon wash them into 
gullies and injure the embankment. In localities where 
stone is plenty, a retaining wall of dry stone may be advan- 
tageously substituted for the side-slopes. 

To reduce the settling which takes place in embankments, 
the earth should be laid in successive layers, and each layer 
well settled with rammers. As this method is expensive, it 
is seldom resorted to except in works which require great 
care, and are of small extent. For extensive works, the 
method usually adopted is to embank out from one end, carnr- 
ing forward the work on a level with the top surface, la 
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Fig. 224. 

this case, as there must be a want of i^ompactness in the 
mass, it is best to form the outsides of the embankment 
first, and to gradually fill in towards the middle, in order 
that the eartn may arrange itself in layers with a dip 
towards the centre (Fig. 224). This arrangement will in a 
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great measure counteract the tendency of the earth alidiog 
off in layers along the sides. 

586. Removal of the earth. — In both excavation and 

embankment, the problem is " to remove the earth from the 
excavation to the embankment or place of depoeit by the 
shortest distance, in the shortest time, and at the least 
expense." This is an important problem in practice, and 
its proper solution affects very materially the cost of the 
work. 

The average distance to which the earth is carried to form 
the embankment is called the lead, and is assuhned to be 
equal to the right line joining the centre of gravity of the 
volume of excavation with that of the embankment. When 
this lead is made the least possible, all other things being 
equal, the cost of removal of the earth is a minimum. 

In the execution of earthwork, it is not always advisable 
to make the whole of an embankment from the adjoining 
cuttings, as the lead would be too long. In such a case, a 
part of the cutting is wasted, being deposited in some conve- 
nient place, forming what is known as a spoil-bank. The 
necessary earth required to complete the embankment is 
obtained from some spot nearer to the work, and the cutting 
or excavation made in supplying it is called a borrow-plt. 

Means used to move the earth. — The earth is loosened 
by means of ploughs, picks, and shovels, and then thrown 
into wheelbarrows, carts, or wagons to be removed. A 
scraper drawn by a horse is frequently used to great advan- 
Lfire. 

Resort is sometimes had to blasting to loosen the soil, when 
it is rock, hard clay, and even frozen earth. 

The advantages of wheelbarrows over carts, and carts over 
wagons, etc., depend upon circumstances. When the earth 
is to be transported to a considerable distance, the wheelbar- 
row becomes too expensive. By combining the cost of filling 
the cart or wheelbarrow, the amount removed, and the time 
occupied in transporting the earth in each c«se, the cost of the 
two methods can be o])tained and compared with each other. 

Shrinkage. — When embankments are made in layei-s com- 
pacted by ramming or by being carted ovei", the subsequent 
settling is quite small. But made in the usual way, thei-e is 
always a certain amount of settling wliicli must be provided for. 
This settling or shrinkage depends upon the kind of earth and 
upon the way in which the embankment has been made. 

This shrinkage of the different earths in embankments is 
taken to be about as follows, as compared with the space they 
occupied in the natui*al state : 
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Gravel Bhrinks about eight per cent 

Gravel and sand nine per cent. '• 

Clay and clayey earth ten per cent 

Loam and light earths twelve per cent. 

Bock, on the contrary, occupies more space, the percenta^ 
-varying with the way it is heaped together. Carelessly 
piled its increase of volume was foimd to be seventy-five peV 
cent., and carefully piled, fifty per cent. 

The embankment sliould always be made its full width and 
higher than it is intended to be. 

587. Methods of obtaining the quantities to be exca- 
vated, etc. — In comparing the costs of. the routes or for 
rough estimates, it is sufficiently exact to take a number 
of equidistant profiles, and calculate the solid contents 
between each pair, either by multiplying the half sum of 
their areas by the distance between them, or else by taking 
the profile at the middle point between each pair, and 
multiplying its area by the same length as before ; the first 
of these methods gives too large a result, and the second too 
small. 

Where an exact estimate is to be made, the Prismoidal 
formula (Mensuration, p. 129) should be used. This formula 
gives the exact contents. 

588. In swamps and marshes. — ^When the embankment 
is made through a swamp or marsh, many precautions are 
necessary. 

If the bog is only three or four feet deep and has a hard 
bottom, it is recommended to remove the soft material and 
build the embankment on the hard stratum. 

If it be too deep to remove the soft material, its surface, 
provided it be not too soft, may be covered with some sub- 
stance to form an artificial bed for the embankment. Rows 
of turf with the grassy side downward have been used. 
Brushwood has also been tried. 

If the swamp be deep and the material quite fluid, the first 
thing to do is to drain it, and then prepare an artificial bed 
for the embankment 

589. Side-hill roads. — When a road runs along the side 
of a hill, it is usually made half in excavation and half in 
embankment. But as the embankment is liable to slip if 
simply deposited on the natural surface of the ground, the 
latter should be cut into steps or offsets (Fig. 225). A low 
stone wall constructed at the foot of the embankment will add 
to its stability. 

If the surface of the hill be very much inclined, the side 
slopes of both the excavation and the embankment should be 

28 
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with the proper elope and filled with broken stone. On the 
stone a layer of brushwood is placed and over this the road- 
covering. Drains of this kind are known as blind ditches. 
Any construction will be effective which will leave a small 
open waterway at the bottom of the trench which will not be- 
come choked with sediment. 

If the road is level, the cross drains may run straight across, 
bnt if inclined they form a broken line, in plan the shape of 
the letter V, with the angular point in the centre of the road 
directed towards the ascent. From their form, they are 
termed oross-mitre drains. 

They are placed at intervals depending upon the nature 
of the soil and kind of road-covering used, in some eases as 
much as sixty yards apart, in others not more than twenty 
feet. 

593. CatohiTvaters. — These are broad shallow ditches con- 
structed across the surface of the road so arranged that 
vehicles can pass over them easily and without shock. They 
are used to catch the water which runs down the length of 
the road and to turn it oflF into the side ditches. They are 
sometimes called water-tables. 

They are necessary on long slopes, and in depressions where 
a descent and an ascent meet, to prevent the water from cut- 
ting the surface of the road in furrows. In a depression, they 
are usually placed at right angles to the road ; on a slope, they 
cross the road diagonally where the water is to be carried to 
one side ; if to both sides, their plan is that of a V with the 
angular point up the road. 

The inclination of the bottom of the catch water should be 
sufficient to carry ofE the water as fast as it accumulates in 
the trench, and where the velocity of the current flowing 
through them is considerable, they should be paved. 

A mound of earth crossing the road obliquely is frequently 
used as a substitute for the catch water. When used it should 
be arranged to allow carriages to pass over them without 
difficulty and inconvenience. 

594. Culverts. — These structures are used to carry under 
the road the water of small streams which intersect it, and 
also the water of the ditches on the upper side of •a road to 
the lower side, or side on which the natural water-courses lie 
by which the water is finally carried away. 

They may be built of stone, brick, concrete, or even of 
wood. 

Where stone is scarce, a culvert may be built of planks or 
slabs, forming a long box open at the ends. This is a tem- 
porary structure unless it can be kept always wet 
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A small fiill-centre arch of brick resting on a flooring of 
concrete forms a good culvert. 

The length of a culvert under an embankment will be 
equal to the width of the road increased by the horizontal 
distance on each side forming the base of the side-slope. At 
each end, wing- walls should be built, their faces having 
the same slope as that of the embankment The ends of tlie 
culvert must be protected against the undermining action of 
the water. 

The form of cross-section varies according to the circum- 
stances of the case, depending greatly on the strength required 
in the structure and the volume and velocity or the water 
flowing through it. The dimensions of the waterway of a 
culvert should be proportioned to the greatest volume of 
water which it may ever be required to carry off, and should 
always be large enough to allow of a person entering it to 
clean it out. 

595. Footpaths and sideiTvalks. — Ordinarily, footpaths 
ai'e not provided for in our country roads. They should be, 
however, and the remarks made in Art. 575 apply to their 
construction. 

In cities and towns, sidewalks and crossings are arranged 
in all the streets. They are made of flagging-stone, brick, 
wood, ordinary concrete, asphaltic concrete, etc. Thoy 
differ in construction only in degree from roads of the same 
kind. 

596. Sidewalk of flagging-stone. — The flagstones are at 
least two inches in thickness, laid on a bed of gravel. The 
width of the sidewalk depends upon the numbers liable to 
use them, being wider where great crowds are frequent and 
less wide on streets not much used. A width of twelve feet 
is sufficient for most cases. 

The upper surface is not level, but has a slight slope to- 
wards the street to convey the surface water to the side 
channels. 

The pavement of the street is separated from that of the 
sidewalk by a row of long slabs set on their edges, termed 
ourb-stones, which confine both the flagging and paving 
stones. The curb-stones form the sides of the side channels, 
and should for this purpose project six inches above the out* 
side paving stones, and be sunk at least four inches below 
their top surface ; they should be flush with the upper sur- 
face of the sidewalks, to allow the water to run over into the 
side channels, and to prevent accidents from persons tripping 
by striking their feet against them. 

The crossings should be from four to six feet wide, and be 
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ilightly raised above the general Bui&ce of the paTsm^it, to 
keep them free from muo. 



TBAM-BOADS. 

Tram-roads are built of stone, of wood, or of iron, 

597. Stone tram-roads. — The best tram-roads of stone 
consist of two parallel rows of granite blocks, aboat 4J feet 
apart from centre to centre, the upper surface of the blocks 
being flush with the surface of the road. The blocks should 
be from 4 to 6 feet long, 10 to 12 inches broad and 8 to 12 
inches deep. Sometimes the upper surface is made slightly 
concave for the purpose of retaining the wheels on the tracks. 

Stone tram-roads were used by the Egyptians, traces of 
them being found in the quarries which supplied stone for the 
pyramids. 

Tram-roads of stone have been used in England, and are 
used at the present time in Italy. 

The granite blocks used in the Italian tram-roads are from 
4 to 6 leet long, about 2 feet broad, and 8 inches deep, laid on 
a bed of gravel 6 inches thick. The space between the 
" trams " is paved with cobble stones with an inclination from 
the outside to the middle line. The centre is therefore lower 
than the sides, forming a channel for the water, which flows 
into cross drains provided to carry it off. 

In a tram-road on the Holyhead road, the granite blocks 
were i-equired U) be not less than 4 feet long, 14 inches broad, 
and 12 inches deep. The blocks were laid on a bed composed 
of a rough sub-pavement, similar to that used for the Telford 
road, on which was a layer three inches thick of small broken 
stone, and on top of this a layer of gravel two inches thick, 
compacted by a heavy roller. 

The effect of this tram-road was to reduce the required 
amount of tractive force to less than one-half of what was 
required on the broken stone road. 

598. Tram-roads of wood. — Where timber is plenty, tram- 
roads of wood are frequently used. They do not differ in 
principle of construction from the stone tmmway. Since the 
wood is extremely perishable when buried in the damp 
ground, tramways of wood are used only in temporary con- 
structions. 

599. Iron tram-roads. — The iron tram-roads formerly used 
were made by covering a wooden track with flat iron bars, so as 
to increase the durability of the track and to lessen the resist- 
ance offered to the wheels. To keep the wheels on the track, a 
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flange was placed on the side of the bar (Fig. 228). The 
objections to these tramways were that the broad surface of 
the iron plate collected obstructions upon it, and that the fric- 
tion of the wheels against the flange was very great 
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Fio. 229. 



An iron plate (Fig. 229) is used quite extensively in the 
United States, particularly in Philadelphia, for tracks for 
street cars. The upper and narrower portion is used by the 
wheels of the car, while the wider and flat portion can be 
used by ordinary carriages. 



CHAPTER XXTTT, 



RAILROADS. 

600. As long as the flan^ attached to the bar was used to 
keep the wheeE on the trade, the road was called a tram-road* 
When the flange was removed from the bar and transferred 
to the wheel, the road became changed in character and was 
named a railway or railroad. The marked difference be- 
tween a tram-road and a railroad is, that the former is used by 
all classes of carriages, while the latter can be used only by 
cars specially built for the purpose. 

A railroad may be defined to be a track formed of iron or 
Bteel bars, called rails, placed in parallel lines, and upon 
which the wheels of vehicles run. 

The general principles already alluded to as governing the 
location and construction of roads, apply equally to railroads, 
but in a higher degree. Greater importance is attached, for 
railroads, to straightness, to easy CTaaes, and to using curves 
of larger radius where a change of direction takes place, tlian 
for any other kind of road. 

601. Direction.— Straightness of direction is more import- 
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atit for railroads thaTi for common roads, for the reasons that 
the shorter tlie line the cheaper is its cost, and that there is 
a greater resistance offered by curves, causing a greater ex- 
penditure of tractive force. 

The same considerations which govern in determining the 
direction of a common road apply to the raili-oad, viz., cost of 
construction, wants of the community, etc. 

602. Grades. — The question of grade is more one (»f 
economy than of practicability. Locomotives can be made 
to ascend steep grades by increasing their power and adhesiou, 
but as the grades increase in steepness, the effective tractive 
force of the engine decreases. Thus with an ascent of 20 
feet to the mile, an engine can draw about one-half the load 
which it can draw on a level ; with 40 feet to the mile, about 
one-third, etc. 

The cost of drawing a load on a raili*oad varies very nearly 
with the power employed. Hence it will cost nearly twice as 
much to haul a load on a grade of 20 feet to the mile as it 
would on a level road. This consideration will therefore 
justify large expenditures in the construction of the road if 
made with the view of reducing the grades. 

The ruling or maximum grade adopted for the line dei)ends 
upon the motive power used to ascend the grades and upou 
the avoidance of a waste of power in descending. 

The steepest grade upon a given line is not necessarily the 
maximum inclination adopted for the road. It may be much 
greater than the ruling grade, and will then require special 
arrangements to be made to overcome it. 

When the loads to be carried in one direction over the road 
are much heavier than those carried in the other, the ascent 
up which the heavy loads are to be carried should be made by 
easy grades, while the descent may be made by steeper ones. 
If the travel is equal in both directions, the ruling grades 
should be equal for both slopes. 

The length of grades must be considered, as it is found 
more advantageous to have steep grades upon short portions 
of the line than to overcome the same difference of level by 
grades not so steep on longer developments. 

From various experiments, it appears that the an^le of 
repose (Art. 550) lor a railroad is about j^. But m de- 
scending grades much steeper than this, the velocity due to 
the accelerating force of gravity soon attains its greatest 
limit and remains constant, from the resistance caused by the 
air. 

The limit of the velocity thus attained, whether the train 
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descends by the action of gravity alone, or by the combined 
action of the motive power of the engine and gravity, can be 
determined for any given load. It appears from calculation 
and experiment that heavy trains, allowed to run freely 
without applying the brakes, may descend grades of y^^ with- 
out attaining a greater velocity than about 40 miles an hour. 

Hence, the question to be considered in comparing the 
advantages of different grades is one between tbe loss of power 
and speed for ascending trains on steep grades, and the extra 
cost of heavy excavations, tunnels, and embankments required 
by lighter grades. 

Since locomotives are not taxed to their full extent, grades 
of 60 feet to the mile may be used without any practical loss 
of power either in the ascent or descent. 

603. Curves. — Curves are necessary to enable the road to 
pass around obstacles, such as hills, deep ravines, valuable 
houses which cannot be removed, etc. 

The objections to curves in the road are the resistances 
which they offer to the motion of the cars and the dangers to 
which the cars are exposed. 

The resistances offered by the curves are chiefly due to the 
following causes : 

1. The obliquity of the moving power while passing around 
the curve. 

2. The fric;tion of the flanges of the wheels against the 
outer rail due to the centrifugal force. 

3. The friction of the flanges against the rails due to the 
parallelism of the axles. 

4. The fastening of each pair of wheels to the same axle. 
The danger of a car running off the track is much increased 

by curves. The car is kept on the rails while going around 
a curve by tlie flanges of the wheels and by the firmness of the 
outer rails. If the resistance offered by the rails and flanges 
should be overcome by the " quantity of motion " of the car, 
the latter would leave the tractc. Hence, where sharp curves 
are necessary, they should be located, if possible, 'near stop- 
ping places, and never at those points where the speed is to be 
very high or where the car will pass with great velocity, as 
at the root of a steep grade. 

The minimum radius of a curve depends greatly upon the 
sneed to be employed. In JVance, the minimum radius 
allowed is 2,700 feet. In England, no curve less than 2,640 
feet can be used without special permission of Parliament or 
the Board of Trade. The minimum radius used on the Hud- 
son River Railroad is 2,062 feet. On the Baltimore and Ohio 
Baihx)ad, the minimum radius is 600 feet, although when first 
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constructed there were several curves of 400 feet radios, and 
one of 318 feet over which trains passed at a speed of 15 
miles an hour. 

604. Resistances of vehicles on railroads. — ^The resist- 
ance offered to the force of traction by a train of cars is due 
to friction, oonoussion, and the atmosphere. The amouot 
of this resistance depends upon a variety of conditions, such as 
the condition of the road, whether well or badly constructed, 
in bad order, etc. ; the state of the rolling machinery ; the 
climate ; the season of the year ; state of the weather, etc. 

In discussing the resistance, it is assumed that the cars are 
well made, the track in good order, and the weather moder- 
ately calm. The amount of resistance may be determined by 
means of a dynamometer between the engine and the train, 
and may be expressed either as a fraction or as a certain num- 
ber of pounds per ton, the latter being generally used. 

That part of the resistance offered by the train due to 
friction is constant at all speeds ; that due to concussion and 
the atmosphere varies with the velocity, increasing with the 
speed. The law of increase is not fully known. 

605. On a level and straight road. — The resistance 
offered by a train running on a level and straight road, nearly 
as possible under the conditions in ordinary practice, has been 
determined by experiment to be nearly that given by the 
following formula : 

r = jYf + 8, . . . . (173) 

in which r is the resistance in pounds per ton of the engine? 
tender, and train ; and v the velocity in miles per hour. 

Hence it is seen, that for a train moving at the rate of 20 
miles an hour, the resistance would be 10.33 pounds per ton 
of the entire train. 

If the road is in bad repair, the values obtained by this 
formula should be increased 40 per cent. ; for strong side 
winds, 20 per cent. 

606. Resistance due to grades. — The resistance due to 
a grade is found by multiplying the whole weight of the train 
by the difference of level and dividing this product by the 
length of the slope. By this rule it is found that the resist- 
ance per ton due to a grade of 24 feet in a mile is 

24 
2,240 X g-^ = 10.2 pounds, 

or about the same as that on a level with the speed of 30 
miles an hour. Therefore, if the train runs over this grade at 
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so mili;6 an hoar^ the resiBtance would be just double, or it 
would reauire the same power to run one mile on the grade 
that woula draw the same load at the same speed two niilos 
on a level road. 

607. Resistanoe due to ourgrea. — The resistance due to 
curvature is much affected by the gauge of the road, tlie ele- 
vation of the outer rail, the lorm of surface of the tires and 
the size of the wheels, the speed and length of the train, etc. 
Hence, experiments made to obtain tliis resistance will be 
found to vary greatly for the same curve on different roads. 
The point to be gained, however, is to find the amount of 
curvature which will consume an amount of power suiUciont 
to draw a train one mile on a straight and level road. 

It is assumed that the resistance from curvature is invorsolj 
as the radius ; that is, the resistance offered by a curve of 2° 
is double that of a curve of 1°. 

From experiments made under his direction, Mr. IjAiroha 
deduced the resistance upon a curve of 4()0 feet radius to bo 
double that upon a straight line. 

Upon averaging a large number of experiments ma^io for 
this purpose, it is found that a radius of 574 feet, or curve of 
10^, offers a resistance to a train travelling at the rate of 20 
miles an hour, double that on a straight and level line, at the 
same speed. Hence a curve of ten degrees causes a renist' 
ance often pounds to the ton. Knowing this rosistancOy ttiai 
for any other curve is easily obtained. 

If we desire to make the resistance uniform U[x>ri any sys* 
tem of grades and curves, it will be neceiwary, whenever a 
curve occurs upon a grade, to reduce the latter to an airi/^ufit 
sufficient to compensate for the resistance cauM^^l by tlie 
curve. 

608. Mr. SooU RuweU^ formula. — Formula (173; friven 
the value of the total resistance witliout seiiarating it UtU} iu 
parts. 

The formula of Mr. Bnssell and Mr. Ilar^ling fpr^m imimmie 
expressions for each resistance. This Vjnnulu in tm f//lk/w» : 

r = «W-hit,W+™ , . .(174) 

in which rnndvarn the n^rnfi a* in (l 73|, W, tl»^ w«^i ni 
the train in tons^ and A, the ar»?a */f frr>ritiig« of this train in 
square feet. 

This formola mar U ext/moM in wz/rrln, a* f/Jkw»; 

1. Multiply tim WHiidA lu UHU^ hy ^. 'Vim pr^^^^ii will U 
the anKjurit in ymndtt hwt V/ tru^m. 

2. Miiki(Jj tiie wdgbt ia tcMbr iim f^tovkt iu wiUmym 
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hour and divide the product by 3. The result will be the 

amount in poundfi due to concussion. 

3. Multiply the square of the velocity in miles per hour by 
the frontage of tlie train in square feet and divide the pro- 
duct by 400. The result will give the resistance in pounds 
due to the atmosphere. 

4. Add these three results, and the sum is the total resist- 
ance. Divide the total resistance by the weight, and the qao- 
tient is the resistance per ton. 

The foregoing results corresponded closely with the experi- 
ments for speed from 30 to 60 miles per hour. At lower rates 
of speed, tlie rule gave too great results. 

Another formula has been used in which the resistance ot 
the atmosphere is assumed to be proportional to the volume 
of the train. It is as follows : 

r=(6 + ^5)w+5^, . . (175) 

in which li is the volume of the train, the other quantities 
being the same as in (174). 

609. Tractive force. — The forces employed to draw the 
cars on railroads are gravity, horses, stationary engines, and 
locomotive engines. 

610. Gravity. — Gravity either assists or opposes the other 
kinds of motive power on all inclined parts ox a railroad. It 
may be used as the sole motive power on grades which are 
sufficiently steep. In this case the loaded cars descending the 
grade draw up a train of empty ones. The connection is 
made between the trains by means of a wire rope which runs 
over pulleys placed along the middle of the track. 

611. Horses. — Horses are frequently used to draw cars on 
a railroad. 

The power of a horse to move a heavy load is ordinarily 
assumed at 150 pounds, moving at the rate of 2^ miles an 
hour for 8 hours a day. At greater speeds his power of 
draught diminishes ; for example to half that load at 4 miles 
an hour, etc. 

The power of the horse is rapidly diminished upon ascents. 
On a slope of 1 in 7 (8^°) he can carry up only his own 
weight (Gillespie). 

612. Stationary engines, — These are employed sometimes 
where the speed is to be moderate, the grade steep, and the 
distance short. 

The power is usually applied by means of an endless wire 
rope running on pulleys, like that employed where gravity 
is the only motive power. And as in that case, the descent 
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of one train is generally made to assist in the drawing np^of 
another to the top of the inclined plane. 

613. Looomotive engines. — The principal motive power 
on railroads is the locomotive engine. 

The locomotive is a non-condensing, high-pressnre engine, 
working at a greater or less degree ot expansion according to 
circumstances, and placed on wheels which are connected 
with the piston in such a manner that any motion of the latter 
is communicated to them. 

The power exerted in the cylinder and transferred to the 
circumieremte of the driving wheel is termed " traction 5 " 
its amount depends upon the diameter of the cylinder, the 
pressure of the steam, the dianreter of the driving wheel, and 
the distance, called the stroke, traversed by the piston from 
one end of the cylinder to the other. 

The means by which the traction is rendered available for 
moving the engme and its load is the friction of the driving 
wheels on the rail ; this is called the ^ adhesion," and its 
amount varies directly with the load resting on the wheels, 
and with tlie condition of the surface of tlie rails, var\^ing 
from almost nothing when ice is on the rails, up to as mucn 
as one-fifth of the weight on the driving wheels when the 
surface of the rail is clean and dry. 

The speed of the engine depends also upon the rapidity 
with which its boiler can generate steam. One cylinder full 
of steam is required for each stroke of the piston. Each 
double stroke corresponds to one revolution of the driving 
wheels and to the pi^opulsion of the engine through a space 
equal to their circumference. 

Steam-production, adhesion, and traction, are the three 
elements which determine the ability of a locomotive engine 
to do its work. The work required of the engine depends 
upon the nature and amount of the traffic over the road and 
the condition of the n)ad. Hence, engines of different pro- 
portions are employed on the same road, one set to haul heavy 
loads at low velocities and another set to move light loads at 
high rates of speed. 

Stronger and more powerful engines are needed on a road 
with steep grades and sharp curves than on roads with easy 
grades and large curves. 

Locomotive engines may be so proportioned as to run at any 
speed from to 60 miles an hour; to ascend grades even as 
steep as 200 feet in the mile ; and to draw from 1 to 1,000 
tons. 

The weight and speed of the trains, and the ruling grades 
of the road determine the amount of power required of the 
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en^ne. This power depends, as has just been stated, iipon 
the steam-producing capacity of the boiler, npon the leverage 
with which the steam is applied, and upon the adhesion. 

614. Gauge. — The width of a railroad between the inner 
sides of the rails is called the gauge. 

The question as to what this width should be has been % 
subject for discussion and of controversy among enffineers. 

The original railroads were made of the same width as the 
tram-roads on which the ordinary road wagon was used. It 
happened that the width of the tram-road was 4 feet 8^ inches ; 
this was adopted for the railroad, and soon became universal. 
In a few cases, other widths were adopted, but the advantages 
of uniformity so far exceed all other considerations, that flie 
width of 4 feet 8^ inches is now generally adopted for main 
lines or roads of the first class. 

For branch lines, a still narrower gauge is recommended; 
a width of 3 feet, and even of 2 feet 6 inches, has been em- 
ployed. A road of this narrow gauge costs less to construct 
and admits of steeper grades and sharper curves being used. 

Railroads may have either a single or a double track. 
When first constructed and where the traffic is light, a single 
track is used, but even then it is recommended to secure 
ground sufficient for a second track when the latter becomes 
necessary. 

The New York Central Railroad has four tracks, two of 
which are used for passenger traffic and two for movement 
of freight. 

LOCATION AND CONSTKUCTION OP EAILR0AD8. 

615. liooation. — Location of railroads is guided by the same 
principles as that of ordinary roads and is made in the same 
manner. The greater importance to railroads of easy grades 
and fitraightness justifies a greater expenditure for surveys, 
which are more elaborate than those required for common 
roads. 

616. ConstructioQ. — This may be divided into two parts: 
forming the "road-bed," and the "superstructure." 

The remarks already made concerning the " construction of 
roads" apply to " forming the road-bed of a railroad." 

The excavations and embankments are generally much 
greater on railroads than for any other of the i-oads usually 
constructed. Where, for instance, an ordinary ix)ad would 
wind around a hill, a railroad would cut through it, in this 
way obtaining straightness and avoiding curves. 

The sides of an excavation is often supported by retain- 
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ing walk in order to reduce the width of the cutting at the 
top. 

617. Tunnels. — When the depth of excavation is very 
great it will freouently be found cheaper to make a passage 
under ground called a tunnel. 

The choice between deep cutting and tunnelling will de- 
pend upon the relative cost of the two and the nature of the 
ground. When the cost of the two methods would be about 
equal, and the slopes of the deep cut are not liable to slips, it 
is usually more advantageous to resort to deep cutting than to 
tunnelling. So much, however, will depend upon local cir- 
cumstances, that the comparative advantages of the two 
methods can only be decided by a careful consideration of 
these circumstances for each particular case. Where a choice 
may be made, the nature of the ground, the length of the 
tunnel, that of the deep cuts by which it must be approached, 
and also the depths of the working shafts, must all be well 
studied before any decision can be made. In some cases it 
may be found that a long tunnel with short deep cuts will be 
most advantageous in one position, and a short tunnel with 
long deep cuts in another. In others, the greater depth of 
working shafts may be more than compensated for by the ob- 
taining of a safer soil, or a shorter tunnel. 

As a general rule tunnelling is to be avoided if possible. 

The aimensions and form of the cross-section will depend 
upon the nature of the soil and the object of the tunnel as a 
communication. In solid rock, the sides of the tunnel are 
usually vertical, the top curved, and the bottom horizontal. 
In soils which require to be sustained by an arch, the exca- 
vation should conform as nearly as practicable to the form 
of cross-section of the arch. 

In tunnels through unstratified rocks, the sides and roof 
may be left unsupported ; but in stratified rocks there is 
danger of blocks becoming detached and falling : wherever 
this is to be apprehended, the top of tlie tunnel should be 
supported by an arch. 

In choosing the site of a tunnel, attention should be had, 
not only to the nature of the soil, and to the shortness and 
straightness of the tunnel, but also to the facilities offered for 
getting access to its course at intermediate points by means of 
Miafts and drifts. 

618. Shafts. — Vertical pits which are sunk to a level with 
the crown or top of the tunnel are known as shafts. 

There are three kinds : trial, "workingi and permanent 
ahafts. 

Trial shafts are, in general, sunk at or near the centre line 
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of the proposed tnnnel to ascertain the natare of the strata 
through which the tunnel is to be excavated. Their dimen- 
sions and shape are regulated by the nses to which thej are to 
be put 

Working shafts are used to give access to the tunnel, for 
the purpose of carrying on the work and removing the mate- 
rial excavated, for admitting f i*esh and discharging foul air, 
and for pumping out water. 

Their dimensions will be fixed by the service required of 
them. Their distance apart varies between 50 and 300 yards, 
although in some cases they are only from 20 to 30 yards 
apart, and in others none are used. 

They may be located along the centre line of the tunnel or 
they may be on a line parallel to it. 

Permanent shafts are generally working shafts that have 
been made permanent parts of the tunnel lor the purposes of 
ventilation and of admitting Jight. 

619. Drifts. — Small horizontal or slightly inclined under- 
ground passages made for the purpose of examining the strata, 
for the purpose of drainage, of affording access to the tunnel 
for the workmen and for transport ot materials, etc., are 
termed drifts or headings. 

Their least dimensions are those in which miners can con- 
veniently work, or from 4^ to 5 feet high and 3 feet wide. 

Headings are almost always used to connect the working 
shafts, running along the centre line or parallel to the line 
of the tunnel. In soft ground, the headnig is at or near the 
bottom of the tunnel ; in rock or hard and dry material at or 
near the top. 

620. Laying out tunnels. — The establishment of a correct 
centre line for a tunnel and the fixing of the line at the bot- 
tom of the shafts are most important operations and require 
the utmost care. 

The work is commenced by setting out, in the first place, 
with great accuracy upon the surface of the ground, the pro- 
file line contained in the vertical plane of the axis of the 
tunnel, and at suitable intervals along this line, sinking work- 
ing shafts. At the bottom of these shafts the centre line is 
marked out by two points placed as far apart as possible. By 
these the line is prolonged from the bottom of the shaft in 
both directions. 

In constructing the Hoosac Tunnel, so accurate were the 
alignments, that the heading running eastward from the 
central shaft for a distance of 1,563 feet met the heading 
from the eastern end with an error of but five-sixteenths of 
an inch ; and the heading running westward for 2,056 &et 
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met the heading from the western end with an error of but 
nine-sixtecntlis of an inch. 

An elaborate tiignometrical survey was nsed to lay out the 
Mont Cenis Tunnel, which was 7.5 miles long, with no work- 
ing shafts. 

621. Operation of tunnelling, — The shafts and the ex- 
cavations which form the entrances to the tunnel are con- 
nected by a drift, usually five or six feet in width and seven 
or eight feet in height, made along the crown of the tunnel 
when the soil is good. After the drift is completed, the 
excavation for the tunnel is gradually enlarged ; the ex- 
cavated earth is raised through the working shafts, and 
at the same time carried out at the ends. The speed with 
which the drift is driven determines the rate of progress of 
the whole. 

If the s^>il 18 loose, the operation is one of the most hazard- 
ous in engineering construction, and requires the greatest pre- 
cautions ao:ain6t accident. The sides of the excavations must 
be sustained by strong rough frame- work, covered by a sheath- 
ing of boards to secure the workmen f lom danger. When in 
such cases the drift cannot be extended throughout the line 
of the tunnel, the excavation is advanced only a few feet in 
each direction from the bottom of -the working shafts, and 
is gradually widened and deepened to the proper form and 
dimensions to receive the masonry of the tunnel, which is 
immediately connnenced below each working shaft, and is 
carried forward in both directions towards tlie two ends of 
tlie tunnel. 

In some cases, two headino:8 were run forward and the side 
walls of the tunnel were built before the remainder of the 
section was excavated. 

The ordinary difficulties of tunnelling are greatly increased 
by the presence of water in the soil thron<'h which the work 
is driven. Pumps, or other suitable macliinery for raising 
water, placed in the working shafts, will, in some cases, be 
requisite to keej> them and the drifts free from water until an 
outlet can be obtained for it at the ends, by a drain along the 
bottom of the drift. 

622. Drainage and ventilation of tunnels. — The drain- 
age of a tunnel is eflFected either by a covered drain under the 
road-bed at the centre or by open drains at the sides. 

Artificial ventilation is found not to be necessary in ordinary 
tunnels^ and the permanent shafts constructed for the purpose 
liave been considered detrimental rather than benehcial in 
letting rid of the smoke. The passage of the train appears 
to be tne best ventilator ; the air being thoroughly disturbed 
29 
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and displaced bj the qaiok motion of the train through the 
tunnel. 

623. Ballast. — The tops of the embankments and the bot- 
tom of the excavations are brought to a height called the 
" formation level," about two feet below the intended level of 
the rails. The remaining two feet, more or less, is filled up 
with gravel, or gravel and sand, or broken stone, or sunilar 
material, thnniffh which the water will pass freely. This 
layer is called the ^ ballast," and the material of which it is 
com[X)Bed should be clean and hard, so as not to pack into a 
solid manS preventing the water from passing through it. 

The object of the ballast, besides allowing the water to run 
off freely, is to hold the sleepers firmly in tneir places and to 
give elasticity to the road-bed. 

624. Cross ties. — The cross ties or " sleepers " are of wood, 
hewn flat on the top and bottom ; they are from 7 to 9 feet 
long for the ordinary gauge, 6 inches deep, and from 6 to 10 
inches wide. The distance between the ties depends upon 
the weiglit of the engines used on the road and the strength 
of the rail ; 2i feet from centre to centi'e is about the 
usual distance. The nearer the sleepers are to tmiformity in 
size and to being equidistant from each other, the more uni- 
form will the pressure from the passage of the train be 
distributed over the ground. 

The sleepers may be of oak, pine, locust, hemlock, chest- 
nut, etc. They last from 5 to 10 yeai-s, depending upon their 
positions and the amount of travel over them. Their duration 
may be increased by using some of the preservative means 
referred to in Art. 25. 

625. Rails. — The rails are made of wrought iron, or of 
wrought iron with a thin bar of steel forming the top surface, 
or entirely of steel. 

Since the rail acts as a support for the 
train between the ties, and as a lateral 
guide for the wheels, it must possess 
stren£:th and stiffness to a marked decree. 
The top surface should be of sufficient 
size and hardness to withstand the action 
of the rolling loads, and the lx)ttom surface 
should bo wide enough to afford a good 
bearing u})oii the tie. The rail should 
have that form which gives the required 
strength with the least amount of mate- 
rial. The form of cross-section in most general use at the 
preFent time in the United States is shown in Fig. 230. This 
particular rail is 4^ inches high and 4 inches wide at the 
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bottom. • The width of the head variw fit>in 3} to S^ iuoht^ 
the top Borface having a convex fornix cinnilar in oixvm iiiH'tlon« 
described with a radius double tlie hoiirht of tho mil 11ii« 
thickness of the rib or stem is generauv frtnn | to | of nn 
inch, although recent experiments would inditnito thiit ii hnm 
tliickness might be used with safety. 

The rails are rolled in lengths varving from 15 to ^1 fmtl, 
and when laid are connected by fish-joints and fMonoil tn 
the cross-ties by spikes. The metluMl of fnstrning fi)rnu«rly 
used was to confine the ends of tho niilM in a cuMMrtui ohalr 
which rested on the cross-ties. This mctluNl niity bo nvvu mi 
some of the older railroads, but is fast g«>ing out of um\ imi 
all firstdass roads. 

626. Coning of the ^wheeUi. — The wliocd running on llin 
outer rail of a curve has to pass over a gn*iit4)r dintann* llmii 
the one running oxi the inner rail. Kinco tlu; wlirifU and ttnUm 
are firmly connected, some arrangement niunt bn niado to U^n^t 
the wheels from dragging or slipping (tu tlio mWn i&iid to n* 
duce the twisting strain brought on the axli*M. TliU i« UiOMilly 
effected by making the trea^j of the wIkmtI r/tiuml iukUmil nt 
cylindrical, so that the tendency of the car to pn^M n^nifmi 
the outer rail brings a larger diametifr u^nni flu; outer nnd m 
smaller diameter on the inner rail. The tl'tiU'.rt*u*'*^ \n'i'^t*i*H 
these diameters must Ik» proiKirtion^j'l to the /lifttnni'j; to Im< 
traversed bv the whwdn, and iiiuM. deiwnd, th«fM'tof«', »i|^/f> 
the radius of the curve and the gauj^e, Tbe ^Unr^f^'r tb/* rufit*^ 
the greater should \ft'. the differ^fiM'^; \fi&%'^**'u Ut** t\]nm^u.fK, 
Upon many rr«a/l^ it \h ru^Aftumry t// %']'U'tt tl^; j/»»ij^<' tr^n 4 
feet Si inches Vj 4 i*^;* if lt$*:\tfT^ on >.barj/ 'i«*r*^'t, huz ;»J,o^/f;^ 
more play for the vh'r^ri^jar.d '/r/itti/f % '/n-^^^r *\ iU^ftri^d. it, UMi 
diametereof iLf/ie parr.^ of tf.^; -ftj^^r^j U, '/y?,<v"» «f;*?* ^1^, /* ^». 
As the tT*s»d of tf^ vj/^jnii ^^ 'y/;^^/ *l, U^ V/j/» '/< *#,^ ^*.wt 
are inclin^A'^f ;r''»*r'. « •<wmt* *o i'A ^i,\* '//ta T-^ v.v. ? * 
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in which A is the elevation above inner rail in inches ; v, tlw 
velocity in feet per second; g^ the gau^ of the road in 
inches; and R, the radius of the curve in feet 

628. Crossings, switches, etc. — To enable trains to pass 
from one track to the other, orossings are arranged as shown 
in Fig. 231. The connection between the ci'ossing and the 
track is made by a svritoh. 




Fio. 231. 

• 

Tlie switch consists of one length of rails, movable around 
one of the ends, so that the other can be displaced from the 
line of the main track and joined with that or the crossing, or 
the reverse, depending upon which line of rails the train is to 
use. A vertical lever is attached to the movable end by 
means of which the ends of the rails are pushed forward or 
shoved back, making the connection with the tracks. The 
handles of the lever should be so fashioned and painted that 
their position may be seen from a considerable distance. 

Where one line of rails crosses another, an arrangement 
called a crossing-plate, or frog (Fig. 232), is used to allow 
free passage of the wheels. 




Fig. 232. 



In order that the wheels should run smoothly on the rail 
A B, the rail C D must be cut at its intersection with the 
former ; for a similar reason, the rail A B must be cut at its 
intersection with C D. 

A guard-rail, G G, is used to confine the opposite wheel for 
short distance and prevent the wheel running on A B from 
leaving the rail at the cut. This guard-rail is parallel to the 
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outer rail and placed about two inches from it. It extends 
a short distance beyond the opening in boUi directions and 
has its ends curved slightly, as shown in Fiff. 231. 

The angle between the lines of the main track and the 
crossing should be very small, not greater than 3°. 

629. Turn-tables. — ^When the angle is too great to use the 
crossing, the arrangement called a turn-tab^ is employed. 
Tills culisists of a strong circular platform of wood or iron, 
movable around its centi^ by means of conical rollers beneath 
it running upon iron roller-ways. Two rails are laid upon 
the platform to receive the car, which is transferred from one 
track to the other by turning the platform sufficiently to place 
the rails upon it in the same line with those of the track upon 
which the car is to run. The greater the proportion of the 
weight bonie by the pivot at tlie centre and the less that 
borne by the rollers, the less will be the friction. 

630. Telegraph, mile-posts, etc. — On all well managed 
railix>ads, telegraph lines are essential to the safe working of 
the road. These should be connected with every station. By 
their use, the positions of the different trains at all hours are 
made known. ^ 

Mile-posts, numbered in both directions, should be placed 
along the sides of the road. Posts showing the grades, the 
distance to crossings of i*oads, to bridges, etc., should be used 
wherever necessary. 



CHAPTER XXIV. 

OANAIiS. 



631. A oanal is an artificial water-course. Canals are 
used principally for purposes of inland navigation ; for irriga- 
tion ; for drainage ; for supplying cities and towi^ with 
water, etc. 



NAVIGABLE CANALS. 



632. Navigable canals may be divided into three classes; 
level canals, or those which are on the same level through- 
out; lateral canals, or those which connect two points of 
different levels, but have no summit level; and canals with 
a summit le\re], or those connecting two points which lie 
on opposite sides of a dividing ridge. 
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L Level canals. — In canals of this class, the level of the 
water is the same throughout. As in roads, straightness of 
direction gives way to economy of construction, and the econ- 
omical course will be that which follows a contour line, 
unless a great saving may be made by nsing excavation or 
embankment. Where changes of direction are made, the 
straight portions are connected by curved ones, generally arcs 
of circles, of sufficient curvature to allow the boats using the 
canal to pass each other without sensible diminution in their 
rate of speed. 

II. Lateral canals. — ^In these canals, the fall of water is is 
one direction only. Where the difference of level between the 
extreme points is considerable, the canal is divided into a 
series of levels or ponds, connected by sudden changes of 
level. These sudden changes in level are overcome by means 
of locks or other contrivances by which the boat is transferred 
from one level to the other. 

III. Canals vrith summit levels. — These are canals in 
which the points connected are lower than the intermediate 
ground over which the canal has to pass, and in consequence 
the fall is in both directions. As the water for the supplv of 
the summit level must be collected from the gi*ouna w6ich 
lies above it, it follows that the summit level should be at the 
lowest point of the ridge dividing the two extremes of the 
canal. 

633. Form and dimensions of •water-'way. — The general 
"width of a canal should be sufficient to allow two boats to 
pass each other easily. Where great expense would be in- 
curred in giving this width, like that of a bridge supporting a 
canal, short portions may be made just wide enough for one 
boat. 

The depth should be such as not to materially increase the 
resistance to the motion of the boat beyond what is felt in 
open water. 

The bottom of the canal is generallv made horizontal. The 
sides jjre inclined, and when of earth should not be steeper 
than one upon one and a half; if of masonry, the sides may 
be vei-tical or nearly so. In the latter case a greater width 
must be given to the bottom of the canal. 

The water-way is usually of a trapezoidal form, in cross- 
section (Fig. 233) with an embankment on each side, raised 
above the general surface of tlie country and formed of the 
material from the excavation for the canal. 

The relative dimensions of the parts of the cross-section 
may be generally stated as follows : 
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The width of the water-way, at bottom, fihould ue at U 
twice the width of the boats used in navigating the canaL 

The depth of the water-way should be at least eighteen 
inches greater than the greatest draft of the boat 




Fio. 233.— A, water- waj. B, towpath. C, berm. D, 
paddling of cUy. 

The least area of water-way shonld be at least six times the 
greatest midship section of the boat 

634. A towpath for horses is made on one of the em- 
bankments and a footpath on the other. This footpath should 
be wide enough to serve as an occasional towpath. 

The towpath should be from ten to twelve feet wide, to 
allow the horses to pass each other with ease ; and the foot- 
path at least six feet wide. The height of the surfaces of 
these paths, above the water surface, should not be less than 
two feet, to avoid the wash of the ripple ; nor greater than 
four feet and a half, for the facilitv of the draft of the 
horses in towing. The surface of the towpath should incline 
slightly outward, both to convey off the surface water in wet 
weather and to give a finner footing to the horses, which 
naturally draw from the canal. 

The width given to these pattis will give a sufficient thick- 
ness to the eniljankments U) resist the pressure of the water 
against them, and to prevent filtration through them, provided 
the earth is at all binding in its (^imiKjsition. 

635. ConatruotiQn' — All canal embankments should lie 
carefully ocjnstructeij. The earth of which they are fonned 
should be of a fnxftl binding charai;ter, and \HsrU*A'A\y free 
from mould and all v<!gctablc matter, as the r4K>ts of 
plants, etc. in fonniri^^ the crnbankmentM, the mould should 
first be removed from tluj iMirfmui on which they are U} 
rest, and the earth then Kprea^l in uniform lasers, from 
nine Uj twelve inchi;^ ttii<;k, and wmII rammisd. It the char- 
acter of the <^rth, of whf<fh the itmlmnkmetitu are formed, is 
such a«^ wA t/> pn^fnt cniin'. mwMrlty aprainMt filtration, a pud- 
dling of clay, two or thri'^^t fiuti thick, nhon Id 1k5 laid in the 
interior of the man*, ejiMtnding from aUiut a f<i<^ l>elow the 
natural kurfu^'jt up Vt tlnf sarmi liivtil with the surface of the 
water. Band k tmsful in »t4/ppiM|{ luakage through the holes 



4M CUVU. BHIUHBKBIEO. 

made in the embankmeBte near the water Bor&ee by inweti, 
moles, rats, etc 

Tlie side slopes of the embankment vary with the charauter 
of the fdil : towards the water-way they should seldom be Icn 
tbnn two base to one perpendicular ; from it, they may be 
leea. The interior slope is usually not carried np unbroken 
from thu bottiJin to the top ; but a horizontal space, termed a 
bench or benn, about one or two feet wide, is left, about oae 
foot above the water surface, between the side slope of the 
water-way and tlic foot of the embankment above the berm. 
This spjiec serves to protect the upper part of tlie interior 
eidu slope, and is, in some cases, planted with such shriibbefj 
as grows niust hixiiriantly in moist localities, to protect more 
efficacionslv the banks by the anppoT-t which its roots give to 
the soil. The side slopes are bettei' protected by a revetment 
of dry stone, from six to nine inches thick. Aqnatic plant! 
of the bulmsh kind have been used, with success, for the 
same puigxise ; being planted on the bottom, at the foot of 
the side slope, they serve to break the ripple, and preserve 
tlie sloi>es from its eScuts. 

Side drains must be mode, oti each side, a foot or two from 
the embankments, to prevent the surface water of the natural 
surface from injuring the embankments. 

63C. Slight leakage may sometimes be stopped by sprinkling 
fine sand in small quantities at a time over me surface of the 




water in the vicinity of the leaks. The sand settling to ^e 
bottom gradually fills the crevices in the sides and bottom of 
the canal through which the water escapes. 

The leakage may be so great that it may be necessary, in 
certain cases, to line the canal with masonry, concrete, or to 
face the sides with sheet- piling to retain the water. 

When the bottom of the canal is com[H«ed of fragments 
of rock forming large crevices, or composed of marl, it haa 
lieen frequently found necessary to line the water-way in such 
localities with masonry (Fig, 234) or with concrete. 
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in a lining of this kind, the stone iwed was abont four 
inches thick, laid in cement or hvdranlic mortar, and covered 
with a coatins^ of mortar two indies thick, making the entire 
thickness of the lining six inches. This lining was then covered, 
both at bottom and on the sides, by a laver of earth, at least 
three feet thick, to protect it from tne shock of the Ixxats strik- 
ing against it 

637. Size of canals. — The size of a canal depends npon the 
size of the boats to be used upon it. The dimensions of com- 
mon canal boats have been fixed with a view of horses being 
used to draw them. The most economical use of horse-power 
is to draw a heavy load at a low rate of speed. Assuming a 
speed of from two to two and a half miles an hour, a horse 
can draw a boat with its load, in all about 170 tons. This 
requires a boat of the ordinary cross-section to be about twelve 
feet wide, and to have a draught of four and a half feet when 
fully loaded. 

b(»ats of greater cross-section are frequently used, and are 
drawn by various applications of steam as well as by horse- 
power. The niethiMjs used are various, as the screw propeller, 
stationary engines with endless wire ropes, etc. Canals are 
sometimes made only twelve feet wide at bottom, with a 
draught of four feet ; common canals ai-e from twenty-five to 
thirty feet wide at bottom, with a depth of from five to eight 
feet ; ship or large canals are fifty feet wide at bottom, and 
have a depth of twenty feet. These are the minimum dimen- 
sions. 

638. Looks. — An arrangement termed a lock is ordinarily 
used to pass a boat fi*om one level to another. 

A locK is a small basin just large enough to receive a boat, 
and in which the water is usually confined on the sides by 
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two upright walls of masonry, and at the ends hy two 
gates; the gates open and hhut, both in ordtT to allow the 
passage of the boat and to cut of! tlir watrr of ihn np|K3r level 
from the lower, or from the walrr in tlin lo<'k. 

A lock (Figs. 2;^5 and 2^) tuny br divi^lrd into three dis- 
tinct parts: ist. The part inelulled between Iho two gatee, 
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which is termed the ohamber. 2d. The part above the 
upper ^tes, termed the fbre or head-bay. 3d. The part 
below the lower gates, termed the aft or tail-bay. 

Fig. 235 shows a vertical longitudinal section through the 
axis of a single lock built on a foundation of concrete, and 
Fig. 236 represents the plan. 
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In these figures, A is the lock-chamber ; E, E, the side 
walls ; B, the head-bay ; C, the tail-bay ; and D, the lift-'wtdL 

The lock-chamber must be wide enough to allow an easy 
ingress and egress to the boats commonly used on the canal ; 
a breadth of one foot greater than the greatest breadth of 
the boat is deemed sufficient for this purpose. The length 
of the chamber is regulated by that of the boats ; it should 
be such that when the boat entere the lock from the lower 
level, the tail-gates may be shut without requiring the boat 
to unship its rudder. 

The plan of the ciiamber is usually rectangular, the sides 
receiving a slight batter ; as when so arranged they are found 
to give greater facility to the passage of the bt>at than when 
vertical. The bottom of the chamber is either flat or curved ; 
more water will be required to fill the flat-bottomed chamber 
than the curved, but less masonry will be required in its c<»n- 
struction. 

The chamber is terminated just within the head-gates by 
a vertical wall, the plan of which is usually curved. As this 
wall separates the upper from the lower level, it is termed 
the lift-wall ; it is usually of the same height as the lift of 
the levels. The top of the lift-wall is formed of cut stone, 
the vertical joints of which are normal to the curved face of 
the wall; this top coui-se projects from six to nine inches 
above the bottom of the upper level, presenting an angular 
point for tlie bottom of tne head -gates, when shut, U) rest 
against. This projection is termed the mitre -sill. Various 
degrees of opening have been given to the angle between the 
two branches of the mitre-sill; it is, however, generally so 
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determined, that the perpeDdicnlar of the ifloseeles triangle, 
f onned by the two branches, shall vary between one-fifth and 
one-sixth of the base. 

The side-walls sustain the pressure of the embankment 
against them, and when the lock is full the pressure from the 
water in the chamber. The former pressure is the greater 
and the more permanent of the two and the dimensions of the 
wall are determined to resist this pressure. The usual man- 
ner of doing this is to make the wall four feet thick at the 
water line of the hpper level, to secure it against filtration ; 
and then to determine the base of the batter, so that the mass 
of masonry shall present snfiicient stability to resist the thrust 
of the embankment The spread and other dimensions of 
the foundations will be regulated according t<j the nature of 
the soil, as in other masonry structures. 

Tlie bottom of the chamber, as has been stated, may be 
either flat or curved. The flat bottom is suitai>le to firm 
soils, which will neither yield to the vertical pressure of the 
chamber walls nor admit the water to filter irom the upper 
level under the bottom of the lock. In either of these cases, 
where yielding or undermining may be expected, the bottom 
should be an inverted arch. The thickness of the masonry 
of the bottom will depend on the width of the chamber and 
the nature of the soil. Were the soil a solid rcxtk, no Ijott^im- 
ing would be requisite ; if it is of s^>ft material, a very solid 
bottr>raing, from three to six feet in thickness, may l>e neces- 
sary. Great care must be taken U) prevent the water from 
the upper level filtering thmugh and getting under the bot- 
tom of the lock. 

The lift-wall mav have onlv the same thickness as the side 
walls, but unless the s<jil is very firm, it would l>e more pru- 
dent to form a general niaj« of maMiury under the entire 
head-bav, to a level with the l/ase of the cliaml>er founda- 
tions, of which mass the lift- wall should form a iiart 

The head-bay is enck/sd between two parallel walL^, which 
form a part of the side walls of the 1<x5K. They are U;rnii- 
nated by two wing walL», r/i, m, at right angles with the side 
walls. A recess, terme^l the gate-chamber, is made in the 
wall of the head-bay ; the depth of this re^^ess should be suf- 
ficient to allow the gate, when oi>en, U} fall two or three 
inches within the fa^.'ing of the wall, m) that it may Ije out of 
the way nhen a html is pa»wiiig; the icnj^th of the recess 
should be greater than the width of the gate. That j^art of 
tlie recess where tlwi gate turns on its i/ivot is U;riiw^l tlie 
hoUow quoin; it r^'jiivtsu what is t^^niK^^I the heel or quoin- 
post of the gate^ which is iiia^Je Uj tit the hfAUjw quoin. The 
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distance between the hollow quoins and the face of the lift- 
wall will depend on the pressure against the mitre-sill, and 
the strenffth of the stone ; eighteen inches will generally be 
found sufficient. 

The side walls need not to extend more than twelve inches 
beyond the other end of the gate-chamber. The wing walk 
may be extended back to the total width of the canal, but it 
will be more economical to narrow the canal near the lock, 
and to extend the wing walls only about two feet into the 
banks or sides. The dimensions of the side and wing walk 
of the head-bay are regulated in the same way as the chamber 
walls. The top of the side walls of the lock may be from 
one to two feet above the general level of the water in the 
upper level. 

The bottom of the head-bay is flat, and on the same level 
with the bottom of the canal ; the exteriol* course of stones at 
the entrance to the lock should be so jointed as not to work 
loose. 

The side walls of the tail-bay are also a part of the general 
side walls, and their thickness is regulated as in the preceding 
cases. Their length will depend chiefly on the pressure which 
the lower gates tlirow against them when the lock is full, and 
partly on uie space required by the lockraen in opening and 
shutting the gates. These walls are also terminated by wing 
walls, n, 71, similarly arranged to those of the head-bay. The 

Eoints of junction between the wing and side walls should, in 
oth cases, either l^e curved or the stones at the angles be 
rounded off. One or two perpendicular grooves are sometimes 
made in the side walls of the tail-bay, to receive stop-planks, 
when a temporary dam is needed, to shut off the water of Uie 
lower level from the chamber, in case of repairs, etc. 

The gate-chambers for the lower gates are made in the 
chamber walls ; the bottom of the chamber, where the gates 
swing back, should be flat, or be otherwise arranged so as 
not to impede the play of the gates. 

The bottom of the tail-bay is arranged, in all respects, like 
that of the head-bay. 

639. Those parts of tlie lock where there is great wear and 
tear, as at the angles generally, should be of cut-stone ; or 
where an accurate fluish is indispensable, as at the hollow 
quoins. The other parts may be of brick, rubble, concrete, 
etc., but every part should be laid in cement or the best 
hydraulic mortar. 

The mitre-sills are generally faced with timber, to enable 
them to withstand better the blows which they receive from 
the gates, and to make a tighter joint. 



640. The locks are filled und owpti^Ml tluNMi^h ului^^^m In 
the head and tail-g*te$, ojH*iioil aiul oK^hI l\v A\\\v \wh»m» \\\' 
by cnlverts made of ina^mry f>r in>n pipo plw^otl m pI»»»nvh 
ill the figures at <\ r, <\ etc. Tho hutor it* thr molliol ^«»iim 
rally recommended. Fnnn tho dirtUMillv of ropMJrln^ iIim 
sluices when out of order, many jnvfor \\w nw» ol vulvofi in 
the gates. 

The bottom of the canal below the lonk nht»ulil bn |u*(t(notMi1 
by what is termed an aproxii whioh Im a novnrltiK nf plniilt 
laid on a grillage, or of dry stono. Thn Intitfth will iIm|imim1 
upon the strength of the current; tfonnrally a iJipifaiiMM i$t 
from fifteen to thirty feet will bo HuflbMont. 

641. Lock gates. — The mtm may bo miMJn of winn\ nr iff 
iron. Each gate is ordinarily coin|H»MHl of two Im^^m^ mt^U 
leaf consisting of a framework^ covered with pUiikiti^ nr \ifffi 
plates. The frame, when of timber, ^^^rt\^\^^^ imMally of \Wff 
uprights, connected by horizontal pi«c<?« lot iuUt flm uyr\niil4i 
with the usual diagonal bra<;ing. 

In ^tes of this kind, ea^;h b;af Utrun H^Htiii mi Uf^ftif/Uif 
which' 18 called the quoin or h^eUptmi, Thii l^M 'm *ifi'fff 
drical on the side next Ut thu )uf\\ffw OMobm^ nUft'U H ^ftit^<lif 
fits when the gate in iibiit It U fftfuu', »lij(bMy M^^muh'f^^^ *// 
that when the gatfe \h oj/^riMyJ k ininy intu t^fm\y -^>0^/ri^ tfth 
bing against the nwAn. At iu l/r#^ ^ff\ \i r^w'ap fm h j/>/^/^^ 
and its op[«r efifl lorrrt \u f$ fcirf^fAst^r t'/Mnf ^bJ/b w ^fff^w^f 
anchored in th«r trM¥^.try *A t^i/; *j/|^ iffi^W htt^ ^A ^tf^ 
auchor-iryrM » nM-^llr i^^M ;n * b^^ ip^;?'^ n*^ U^l i^rr^w 
shot, tbe ^xh^" in % ii-iwr ir^.h ^f, -t^'iv^* f^/^f ;; *i!',^;5iA *a-v«w fv^ 
beat p^rtit^yru'* f// f*«u^. r^/Ht ^t^^/^.'-iAi , 7 *:-^. ^^j^^^^n v«.v?>^>'# 
by tte 2«!fr. Tro^ ^^^^j^^^ffi^ .vj[>r;^;f.^ ^'^'WM *a^ AVH^^-^^V^^ 
ha$ one '►sf^ -.*^*»*;«vt "^ff. Vy %-f, x^x*\^ *M ^'r^'*^-;^.^?*: ^/ 'Ha; 
ocber Lsaf .^ -au^ j^^^, f-.r^v.^ * *;^r ^,-/;vn j*'w*n •?a*v jf^M ,<f 

li<aAU*^ir.a«it v* ti\A^»vr /«-,iu' ;W* *>v."» 'i#* y*#> -/ l*** /-•-V^ *0 
pr'^ir n -tion -p^ii,/^ l./*;.- <*.»;-/.♦ ^ *f*y^^ *.,i\*rM, -*•- /■.<-• m^ 
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very large gates. Gkttes formed of a single leaf moving on a 
Iiorizontal axis are frequently used. 

642. Inclined planes. — Instead of locks, inclined planeB 
are sometimes ased, by means of which the boats are passed 
f i-om one level to another. In these cases, water-tight cais- 
sons or cradles, on wheels are used. 

At the places where the levels are to be connected, the 
canal is deepened to admit of the caisson or the cradle to mn 
in nnder the boat to be transferred. Two parallel lines of 
rails start from the bottom' of the lower level, ascend an in- 
clined plane up to a summit a little above the upper level, 
and then descend by a short inclined plane into the upper 
level. Two caissons or cradles, one on each set of rails, are 
connected by a wire rope, so that one ascends while the other 
descends, tower being applied, the boats are transferred to 
the appropriate levels. 

The caissons are preferred because they balance each other 
at all times on the inclined plane, whether the boats ai-e light 
or heavy, as they displace exactly their own weight of water 
in the caisson. In some cases, the caissons have been lifted 
vertically instead of being drawn up inclined planes. 

643. Guard look. — A large basin is usually formed at 
the outlet, for the convenience of commerce; and the en- 
trance from this basin to the canal, or from the river to tlie 
basin, is effected by means of a lock with double gates, so 
arranged that a boat can be passed either way, according as 
the level in the one is higher or lower than that in the other. 
A lock so arranged is termed a tide or guard lock, from its 
uses. The position of the tail of this lock is not indifferent 
in all cases where it forms the outlet to the river; for were 
the tail placed up stream, it would generally be more difficult 
to pass in or out than if it were down stream. 

644. Lift of looks. — The vertical distance thix)ugh which 
a boat is raised or lowered by means of the lock is (tailed the 
" lift." This vertical distance between two levels may be 
overcome by the use of a single lock or by a "flight of locks." 
The lift of a single lock ranges from two to twelve feet, but 
generally in ordinary canals is taken at about eight feet. 
Where a greater distance than twelve feet has to be over- 
come, two or more, or a flight of locks, are necessary. 

In fixing the lengths of the levels and the positions of the 
locks, the engineer, if considering the expenditure of water, 
will prefer single locks, with levels between them, to a flight 
of locks. 

In most cases, a flight is cheaper than the same number of 
single locks, as there are certain parts of the masonry which 
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eaii be omitted. There is also an economy in the onu«)ii\4^ K^i 
the small gates, which are not needed in Highta, It \^ how- 
ever, more difficult with combined than with single Un^kik 
to secure the foundations from the efFeota of tlio water, whii^h 
forces its way from the upper to the lower level uihIim' tlie 
locks. Where an active trade is cairied on, a double iligbt Im 
sometimes arranged, one for tlie ascending, the other for the 
descending boats. In this case the water which tllU one flight 
may, after the passage of the boat, be partly used for tlie 
other, by an arrangement of valves maae in the side wall 
separating the locks. 

xhe engineer is not always left free to select between the 
two; for the form of the natural surface may reqnire iiim to 
adopt a flight at certain points. In a flight the lifts are 
maae the same thi*oughout, but in single locks the lifts vary 
according to circumstances. Locks with great lifts iMinsnnie 
more water, require more care in their construction, and re- 
qnire greater care against accidents than the smaller onm^ 
but. cost less for the same difference of level. 

(545. Levels. — The oosition and the dimensions of tlie 
levels must be mainly determined by the form of the natural 
surface. By a suitable modification of its cr<sis-s<^ction, a 
level can be made as short as may be deemed dc^siialile ; (lM$rii 
being but one point to be attended to In this, whicli is, that a 
boat passing between the two locks, at the ends of iiu' level, 
will liave time to enter eitlier lock Movti h can grouiid, ^m 
the supposition tliat the water drawn off to fill tlie lower l«Mrk, 
while the boat is traversing tli« h^y^^l, will ju^t r»j<la<^ th^ 
depth t^ the draught of tlie i>oat, 

(>4€. Water supply, — Two questioiis nn* to U^ i'.*/nti*U'y^ '* 
the quantity of water i^uirtxj, and \Xw, h<;ur<u«> o< suj/piy. 

The quaixtlty of water required may l>c dividt/J iijt<y two 
portions: li^ Tlie quantity nt^j^KxmA ior thif buiuuiit Und, 
and those levek whicii draw iroiii it tji^^ir h\^\i\)\s. %<\. y\m 
quantity which it v\auted tor tU Wvels U;low xIh^a^^ and 
which IS furnifehod froiu <^\\kir s«^ui«j4)s. 

The Bupplv of the tii-st p«^jMivn, wJiii-Ji nju«( U i/^lUx'^i^l at 
the summit fevtjl, ui^y U divided into sAHt-ial i^iim^nlfc: J»»t. 
The quantity requir^jd t<^ till tlw bumiiiii U*vd, s^\A thi- lusols 
which draw tlieir bupjj|^\ fjoiu \\. '46. 'yia- quunuiv i4;<^uiri;d 
tx> supply lut>beb, aritoih/ lr«^ii J ^i<>4 idonlr ; V^ {)u.u^'Aii.t ku tU; 
banks and the einp!\ In^ <J du- U^snir iu* lopunr M. 'J'Iac 

through tla- boil, and iin^jn/^U flu i*A ^Mtir i '^'in* 4*^»^ 
taty required lo* th** i^JMii^i- ot tU oi^viy^ti.^ii. iWiSio^ livAi4 
the passage ul tU; boaU lr<^4u oi»t U^viii tu i^wUm**. 
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The quantity required to fill the summit level and its de- 
pendent levels will depend on their size, an element which 
can be readily calculated; and upon the quantity which 
would soak into the soil, which is an element of a very inde- 
terminate character, depending on the nature of the soil in 
the difiFerent levels. 

The supplies for accidental losses are of a still less deter- 
minate cnaracter. 

The supply for losses from surface evaporation may be de- 
termined by observations on the rain- fall of the district, and 
the yearly amount of evaporation. Losses caused by leakage 
through the soil will depend on the greater or less capacity 
which the soil has for liolding water. This element varies 
not only with the nature of the soil, but also with the shorter 
or longer time that the canal may have been in use ; it having 
been round to decrease with time, and to be, comparatively, 
but trifling in old canals. In ordinary soils it mav be esti- 
mated at about two inches in depth every twentv-four hours, for 
some time after the canal is first opened. The leakage through 
the gates will depend on the workmanship of these parts. 

In estimating the quantity of water expended for the ser- 
vice of the navigation, in passing the boats from one level to 
another, two distinct cases require examination : 1st. Where 
there is but one lock ; and 2d. Where there are several con- 
tiguous locks, or, as it is termed, a flight of locks between 
two levels. 

To pass a boat from one level to the other — from the lower 
to the upper end, for example — the lower gates are opened, 
and the boat having entered the lock they are shut, and water 
is drawn from the upper level to fill the lock and raise the 
boat ; when this operation is finished, the upper gates are 
opened and the boat is passed out. To descend from the 
upper level, the lock is fii-st filled; the upper gates ai-e then 
opened and the boat passed in ; these gates are next shut, and 
the water is drawn from the lock until the boat is lowered to 
the lower level, when the lower gates are opened and the boat 
is passed out. 

Hence, to pass a boat, up or down, a quantity of water 
must be drawn from the upper level to fill the lock to a height 
which is equal to the difference of level between the surface 
of the water in the two; this volume of water required to 
pass a boat up or down is termed the prism of lift. The 
calculation, therefore, for the quantity of water requisite for 
the service of the navigation, will be pimply that of the 
number of prisms of lift which each boat will draw fix>m the 
summit level in passing up and down. 
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An examination of the quantity of water nsed in passinp^ 
from one level to another, wul show that the quantity required 
for a flight of locks is greater than that required for isolated 
locks. 

The source of supply of water is the rain-fall. The rain- 
water which escapes evaporation on the surface and absorp- 
tion by vegetable growth, either runs directly from the surface 
of the ground into streatns^ or sinks into the ground, flows 
through crevices of porous strata and escapes by springs^ or 
collects in the strata, fi-om which it is drawn by means of wells. 

647. In whatever way the water may be collecjted, the 
mefisurement of the rain-fall of the district from which it 
comes is of the first importance. To make this measurement, 
the area of the district called the drainage area or catchment 
basin, and the depth of the rain-fall for a given time must be 
determined. 

Drainage area. — This area is generally a district of country 
enclosed by a ridge or "water-sned line which is continuous 
except at the place where the waters of the basin find an 
outlet. It may be divided by branch ridges or spurs into a 
number of smaller basins, each drained by a stream which 
runs into the m'ain stream. 

Depth of rain-fall. — The depth is determined by estab- 
lishing rain-gauges in the district and having careful obser- 
vations made for as long a period as possible. 

The important points to be determined are : 1. The least 
annual rain-fall; 2. The- mean annual rain-fall ; 3. The great- 
est annual rain-fall ; 4. The distribution of the rain-fall 
throughout the year ; 5. The greatest continuous rain-fall in 
a short period. 

For canal purposes, the least annual rain-fall and the 
longest drought are the most important points to be known. 

Knowing the depth of the rain-fall and the area of the 
catchment basin, an estimate of the amount of water which 
may be a\ailable for the canal may be made. Tlieoretically 
considered, all the water that drains from the ground adjacent 
to the summit level, and above it, might be collected for its 
supply ; but it is found in practice that channels for the con- 
veyance of water must have certain slopes, and that these 
slopes, moreover, will regulate the supply furnished in a cer- 
tain time, all other things being equal. The actual dis-charge 
of the streams should l)e measured so as to find the actual 
proportion of available to total rain-fall, and the streams 
should be measured at the same time the rain-gauge observa- 
tions are made. 

The measurement of the quantity of water discharged bv a 
30 
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stream is called " gauging," and to be of value should be made 
witli accuracy and extend through some considerable time. 

648. Feeders and reservoirs. — The usual method of col- 
lecting the water, and conveying it to the summit level, is 
by feeders and reservoii*s. iHie feeder is a canal of a small 
cro8s-se(jtion, which is traced on the surface of the ground 
with a suitable slope, to convey the water either into the 
ret^ervoir, or direct to the summit level. The dimensions of 
the cross-section, and the longitudinal slope of the feeder, 
should bear certain relations to each other, in order that it 
shall deliver a certain supply in a given time. The smaller 
the slope given to the feeder, the lower will be the points at 
which it will intei^sect the sources of supply, and therefore 
the greater will be the quantity of water which it will re- 
ceive. Tlie minimum slope, however, has a practical limit, 
which is laid down at four inches in 1,0U0 yards, or nine 
thousand base to one altitude ; and the maximum slope should 
not be so great as to give the current a velocity which would 
injure tlie bed of tlie feeder. Feeders are furnished, like 
ordinary canals, with contrivances to let oflF a part, or the 
whole, of the water in them, in cases of heavy rains, or for 
making repairs. 

A reservoir is a plaire for storing water to be held in re- 
serve for the necessary supply of the summit level. A reser- 
voir is usually formed by choosing a suitable site in a deep 
and narrow valley, which lies above the summit level, and 
erecting a dam of earth, or of masonry, across the outlet oi" 
the valley, or at some more suitable point, to confine the water 
to be collected. The object to be obtained is to cc>llect the 
greatest volume of water, and at the same time present the 
smallest evaporating surface, at the smallest cost lor the con- 
struction of the dam. 

649. Dams. — The dams of reservoirs have been variously 
constructed : in some cases they have been made entirely of 
earth ; in others, entirely of masonry ; and in others, of earth 
|)acked in between parallel stone walls. It is now thought 
best to use either earth or masonrv alone, according: to the 
circumstances of the case; the comparative expense of the 
two methods being carefully considered. 

Eaithen dams should be made with extreme care, of the 
best bindinnr earth, w^ell freed from evervthinir that miirht 
cause iiltrations. 

The foundation is prepared by stripping off the soil and 
excavating and removing all porous materials, such as sand, 
gravel, and fissured rock, until a compact and water-tiglit be I 
is reached. 
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A culvert for the outlet-pipes is next built. Tliis should 
rest DTI a foundation of concrete and should have the masonry 
laid in cement or the best of hydraulic mortar. It should be 
well coated with a clay puddling. Frequently the inner end 
of the culvert terminates in a vertical tower, which contains 
outlet- pipes for drawing water from difiFerent levels, and the 
necessary mechanism by means of which the pipes can be 
ch>sed or opened. Sometimes a cast-iron pipe alone is laid 
without any (julvert. 

The earth is then carefully spread in layers not over a foot 
thick and rammed. A " puddle-wall " with a thickness at the 
base of about one-third its height and diminishing to about 
half this thickness at the top, should form the central part of 
the dam. Care should be taken that it forms a water-tight 
joint with the foundation and also with the puddle coating 
of the culvert. 

The dam may be from fifteen to twenty feet thick at top. 
The slope of the dam towards the pond should be from three 
to six base to one perpendicular; the reverse slope need only 
be somewhat less than the natural slope of the earth. 

The outer slope is usually protected from the weather by 
being covered with sods of grass. The inner slope is usually 
faced with dry stone, to protect the dam from the action of 
the surface ripple. 




Fig. 237.— a, bcly of the dam. 

a, top of the waste-weir. 

b, pool, formed by a stop-plank dam at 0, to break the fall of the 
water. 

d^ covering of loose stone to break the faU of the water from the 
pool above. 



Masonry dams are water-tight walls, of suitable forms 
and dimensions to prevent filtration, and to resist the pressure 
of water in the reservoir. The cross-section is usually that of 
a trapezoid, the face towards the water being vertical, and the 
exterior face inclined with a suitable batter to give the wall 
soilicieut stability. The wall should be at least four feet thick 
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at the water line, to prevent filtration, and this thickness i>^:^^^^*y 
be increased as circumstances may require. 

650. Waste-^weirs. — Suitable dispositions should be m^^^^c 
to relieve the dam ffom all surplus water during wet scaso -^^ 
For this purpose arrangements should be made tor cutting -^^S 
the sources of supply rrom the reservoir ; and a cut, terme(^ * 
'waste-'weir (Fig. 237), of suitable width and depth, shou Id 
be made at some point along the top of the dam, and be iB,cod 
with stone, or wood, to give an outlet to the water over the 
dam. In high dams the total fall of the water should be 
divided into several partial falls, by dividing the exterior 
surface over which the water runs into offsets. To break the 
shock of the water upon the horizontal surface of the ofiFset, 

it should be covered with a sheet of water retained by a dam 
placed across its outlet. 

In extensive reservoirs, in which a large surface is exposed 
to the action of the winds, waves might be forced over the 
top of the dam, and subject it to danger; in such cases the 
precaution should be taken of placing a parapet wall towards 
the outer edge of the top of the dam, and facing the top 
throuorhout with fiat stones laid in mortar. 

651. Water-courses intersecting the line of the canal. 
— The disposition of the natural water-courses which iutei-sect 
the line of the canal will depend on their size, the character 
of their current, and the relative positions of the canal and 
stream. 

Small streams which lie lower than the canal may be con- 
veyed under it through an ordinary culvert. If the level of 
the canal and stream is nearly the same, it may be conveyed 
under the canal by an inverted syphon of masonry or iron, 
usually termed a broken-back culvert, or if the water of the 
stream is limpid, and its current gentle, it may be received 
into the canal. Its communication with the canal should be 
so arranged that the water may be shut off or let in at plea- 
sure, in any quantity desired. 

In cases where the line of the canal is crossed by a tori-ent, 
which brings down a large quantity of sand, pebbles, etc., it 
may be necessary to make a permanent structure over the 
canal, forming a channel for the torrent; but if the discharge 
of the torrent is only periodical, a movable channel may be 
arranged, for the same purpose, by constructing a boat with 
a deck and sides to form the water-way of the torrent. The 
boat is kept in a recess in the canal near the point where it 
is used, and is fioated to its position, and sunk when wanted. 

When the Jne of the canal is intereected by a wide w^ator- 
course, the communication between the two shores must be 
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effected either by a canal aqueduct bridge, or by the boats 
descending from the canal into the stream. 

652. Dimensions of canals and their locks in the United 
States. — The original dimensions of the New York Erie Canal 
and its locks have been generally adopted for similar works 
subsequently constructed in most of the otlier States. The 
dimensions of this canal and its locks were as follows : 

Width of canal at top 40 feet. 

Width at bottom 28 " 

Depth of water 4 " 

Width of tow-path 9 to 12 « 

Length of locks between mitre-sills 90 " 

Width of locks 15 " 

For the enlargement of the Erie Canal, the following are 
the dimensions : 

Width of canal at top 70 feet. 

Width at bottom 42 " 

Depth of water 7 " 

Width of tow-path 14 " 

Length of locks between mitre-sills 110 ** 

Width of lock at top 18.8 '' 

Width of lock at bottom 14.6 " 

Lift of locks 8 « 

Between the double locks a culvert is placed, which allows 
the water to flow from the level above the lock to the one 
below, when there is a surplus of water in the former. 
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653. Canals belonging to this class are used to bring from 
its source a supply of water, which, when reaching certain 
localities, is made to flow over the land for agricultural pur- 
poses. This kind of canal is practically unknown in the 
United States, as the farmer depends almost entirely on the 
rain-fall alone for the requisite amount of moisture for his 
crops. 

Irrigation canals of large size have been used in India for 
hundreds of j ears ; they are also found in Italy. Rude imi- 
tations, of small size, are to be seen in Mexico, the territory 
of New Mexico, lower part of California, and other parts of 
the United States. 

In certain parts of our country they could be used to great 
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advantage, and since in the future they m;;j be used, it is 
tli()n«i^ht advisable to alhide briefly to them in this treatise. 

Tlie special difference between a navigable and an irn- 
gatit>n canal is that the former requires that there slionld be 
little or no current in the canal, so that navigation may be 
easy in botli directions, while the latter requires that tbe 
canal should be a running stream, fed by continuous supplies 
of water at its source, to make up the losses caused by the 
amounts of water di'awn off from the canal for the purposes 
of irrigation. 

Hence, for two canals of the same size, the navigable 
canal will require a less volume of water than the irriga- 
tion canal, and is more economically constructed on a low 
level. 

The irriti:ation canal should be carried at as hi<rh a level as 
possible, so as to have sufficient fall for the water which is to 
be used to irrigate the land on both sides of it and at con- 
8ideral)lc distances from it. This irrifjation is effected by 
means of branch canals leading from tlie main one, whence 
the water is carried by small channels on the fields. 

654. The problem of an irrigation canal is to so connect it 
with the stream furnishing the supply of water, and to so 
arrange the slope of the bed of the canal, that the canal 
shall not become choked with silt. 

A canal opening direct into the stream which supplies it 
with water, if proper arrangements are not made, will be lia- 
ble to have the volume of water greatly increased in time of 
freshets, and at other times have the supply entirely cut off. 
Li the fii-st case, large quantities of silt would be wjished into 
the canal, choking it up as the water receded to its proper 
level. In the second case, the supply would probably fail at 
the criti(!al period of the growing crops when water was 
greatly needed. 

A good selection of the point where the canal joins the 
stream, and the use of sluices to govern the supply of 
water, will greatly prevent the occurrence of either of these 
conditions. 

To prevent the silting np of the canal, the slope of the bed 
is so fixed that the water shall have a uniform velocity 
throughout. It is therefore seen that, as the water is drawn 
off at different points for the irrigation of the land, on the 
rii^ht and left of the canal, the volume of water is rednced. 
The portions of the canal below these points must then be so 
fixed as to preserve the same rate of motion in the water. 
This is doiiC by decreasing the width and depth of the canal, 
and increasing the slope of the bed. Thus starting with a 
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water-way 100 feet wide, 6 feet deep, liaving a slope of 6 
iiuthes to the mile, tlie width of water-way, as the water is 
drawn oflF, inav be contracted to SO, 60, 40, and 20 feet with 
the cori'espoiiding depths, 5^, 5, 4^, and 4 feet ; to keep the 
veh>city uniform the bed slionld have slopes of 6.4, 7, 7.9, and 
10.3 inches per mile. 

655. An irrigation canal may be nsed for the purposes of 
navigation. In this case the principles already laid down 
for navigable canals equally appl}', with the condition, how- 
ever, that the velocity of the current in the canal should not 
be so slight as to injure its uses as an irrigation canal, nor so 
swift as to offer too great a resistan(!e to the boats using it 
as a navigable canal. 
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656. Canals of this class are the reverse of irrigation canals. 
They are used to carry off the supei-fluous water which falls 
on or flows over the land. 

The water levels of canals for drainage, to be eftective, 
should at all times be at least three feet below the level of 
the ground. 

Each channel for the water should have an area and decliv- 
ity, when subjected to the most unfavorable conditions, sufli- 
cient to discharge all the water that it receives as fast as this 
wacer flows in, without its water-level rising so high as to 
obstruct the flow from its bran(rhes or to flood the c(Hintrv. 

Hence, to i>lan stich a system the greatest annual rain-fall 
of the district, and the greatest fall in a short period or flood 
must be known. 

Where the land to be drained is below the level of high 
water, the area to be drained nnist be protected by embank- 
ments. The canals are then laid off on the plan just given, 
and the water from the main canals is removed by pumping. 

Drainage canals may be divided into tw(» clashes: open 
and covered. Where pure water is to be removed, the former 
are used; when filthy water, or foul materials, are to be r(j- 
moved, the latter are used, and are known then as sevrers. 
Sewerage is the special name used to designate tlu^ drainage 
of a city or town, in which the foul waters and refuse are 
collected and discharged by seweis. 

As far as the principles of construction are con(H»rncd sewers 
do not differ from the works already describiid. Ksp(»ciul at- 
tention must be paid to prevent the escape of the foul gas 
and disagreeable odors from the drains. 
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CAXAI^ FOB SUPPLYING CITIES AND TOWNS WITH WATER, 

657. As sewers ai-e onl}- particular cases of drainage canals, 
so canals for supplying cities with water are only particular 
cases of irrijjation canals, and are therefore governed hy the 
8aine general principles in their construction. 

The canals of this class are usually covered, and receive the 
general name of aqueducts. 

658. The health and comfort of the residents of cities and 
towns are so dependent upon a pro}>er supply of water and a 
good system of sewerage that the greatest care must be taken 
by the engineer that no mistakes are made by him in planning 
and constructing either of these systems. The principles 
which regulate in deciding upon the quantity of water re- 
quired, the means and purity of the supply, the location of the 
reservoirs, the method of distribution, etc., form a subject 
which can be considered in a special treatise only. The same 
remark applies also to sewerage. 
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